Synthesis and Analysis of Poly(methacrylic

acid-co-benzyl methacrylate) Copolymers for

Stable Aqueous Pigment Dispersions by Walsh, Amy

 
 
i 
 
 
Synthesis and Analysis of Poly(methacrylic 
acid-co-benzyl methacrylate) Copolymers for 
Stable Aqueous Pigment Dispersions 
 
Amy Walsh 
 
A thesis submitted to the University of Sheffield in 
partial fulfilment of the requirements for the degree 
of Doctor of Philosophy 
 
June 2014 
 
 
 
ii 
 
Author’s Declaration 
 
The work described in this thesis was carried out at the Department of Chemistry at the 
University of Sheffield between October 2010 and June 2014. It is the original work of 
the author, unless otherwise acknowledged within the text, and it has not been submitted 
previously for a degree at this or any other University. The views expressed in this 
thesis are entirely those of the author and not those of the University of Sheffield. 
 
Amy Walsh 
June 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
Abstract 
The content of this thesis is concerned with the stabilisation of pigment particles in 
water using poly(methacrylic acid-co-benzyl methacrylate), p(MAA-co-BzMA) 
copolymers. The p(MAA-co-BzMA) copolymers were synthesised by free-radical 
polymerisation in dipropylene glycol under either batch or semi batch conditions. Using 
the linear analysis methods of Finemann and Ross and Kelen-Tudos, reactivity ratios 
were obtained for batch produced p(MAA-co-BzMA) and showed that the 
microstructure of the copolymer was mostly random but with longer blocks of MAA 
interdispersed throughout the chain. Raman spectroscopy was used to measure the 
kinetics of the batch polymerisation of p(MAA-co-BzMA) by following the change of 
intensity of the C=C peak at 1640 cm-1. Attachment of the fluorophore Acenaphylene 
allowed TRAMS measurements to monitor the rotation of p(MAA-co-BzMA) 
copolymers with MAA contents of 36, 45 and 64 mol %. The copolymers were 
examined as a function of pH and they all appeared to undergo a conformational 
transition at approximately pH 7, from a coiled structure below pH 7, to a more open 
chain above pH 7. Incorporation of MAA units at 45 and 64 mol % caused the 
copolymer chain to expand resulting in a more open structure between pH 8 to 12. This 
was due to the presence of more deprotanated MAA groups pushing the chain apart.  
Stable aqueous dispersions of carbon black, yellow, cyan and magenta pigment particles 
were produced using p(MAA39-co-BzMA61) as a polymeric dispersant. The data from 
the depletion method was used to create an adsorption isotherm for the adsorption of 
p(MAA39-co-BzMA61) onto carbon black. The adsorption isotherm showed that 
monolayer coverage was achieved at 13 wt % loading of p(MAA39-co-BzMA61) onto 
pigment. IR, DLS, analytical centrifugation and rheology were used to further 
characterise the carbon black dispersions as a function of wt % loading of copolymer. 
Using analytical centrifugation a comparison between the adsorption of the diblock and 
the random dispersant p(MAA39-co-BzMA61) on carbon black was made. The diblock 
used was p(MAA143-b-BzMA300) and this was synthesised by RAFT alcoholic 
dispersion polymerisation.  
SANS measurements were utilised to characterise neutralised aqueous solutions of 
p(MAA-co-BzMA) copolymers with the content of MAA being varied between 39 and 
79 mol % to determine the radius of gyration using Guinier analysis. In addition, SANS 
was used to analyse aqueous carbon black dispersions stabilised with p(MAA39-co-
BzMA61) with the loading of p(MAA39-co-BzMA61) on pigment varying from 6 to 50 
wt %. Measurements carried out on the aqueous carbon black dispersions were 
performed in either 100 % D2O to contrast-match carbon black or 27/73 volume % 
D2O/H2O to contrast-match p(MAA39-co-BzMA61). SANS data for contrast-matched 
p(MAA39-co-BzMA61) dispersions allowed the surface fractal and mass fractal 
dimensions of the dispersions to be determined and this data was supported by SAXS 
which also displayed the same scattering curves. SANS data obtained from the contrast- 
matched carbon black dispersions was fitted to a combined model of a Gaussian coil 
and mass fractal model and yielded parameters to characterise the dispersions. SANS 
was also used to explore the effect of using different milling techniques and different 
temperatures on the carbon black dispersions.  
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Abbreviations and Symbols 
1H NMR proton nuclear magnetic resonance  
13C NMR carbon nuclear magnetic resonance  
ACE Acenaphthylene 
AIBN 2-2’-azobisisobutyronitrile 
BzMA benzyl methacrylate 
CPDB 2-cyanoprop-2-yldithiobenzoate 
CTA chain transfer agent 
DLS dynamic light scattering 
Dm mass fractal dimension 
DP degree of polymerisation 
DPG dipropylene glycol 
Ds surface fractal dimension 
FT-IR fourier transform infra-red 
GPC gel permeation chromatography 
Mw weight-average molecular weight 
Mn monomer-average molecular weight 
RAFT reversible-addition fragmentation chain transfer 
Rg radius of gyration 
SANS small-angle neutron scattering 
SAXS small-angle x-ray scattering 
TEM transmission electron microscope 
TGA thermal gravimetric analysis 
TRAMS time-resolved anisotropy measurements 
Trigonox 21s tert-butyl peroxy-2-ethylhexanoate 
Ʈc correlation time 
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1.1 The Ink-jet Industry 
Since the 1970s the printing industry has seen the advancement of a new type of 
printing device, the ink-jet printer.1 Ink-jet printing is a non-impact, computer driven 
technique whereby a digital image is created by propelling droplets of ink onto paper. 
The type of ink used in inkjet technology can either be dye-based2 or pigment-based.3 
Dye-based inks (whereby the colourants are soluble within the ink) were used in the 
first ink-jet printers. These easily formulated dye-based inks and their ability to produce 
glossy, highly coloured images offered the ink-jet printer many advantages over the dot 
matrix printer.4 However, the ink-jet printer could not match the print quality and 
optical density that a laser printer offered. Dye-based inks also suffered the major 
drawback of poor light and water resistance making the ink-jet printed material 
inadequate for outdoor use.  The advancement of ink-jet printers began with the 
introduction of pigment-based inks. Pigment-based inks (whereby the colourants are 
dispersed within a continuous phase) were able to match the print quality of the laser 
printer and were more durable for outdoor use. Today pigment-based inks continue to 
displace dyes in the printing industry, enabling ink-jet printers to become commonplace 
in both homes and offices. 
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1.2 Colloidal Dispersions 
Pigmented ink-jet inks are colloidal dispersions whereby insoluble pigment particles, in 
the size range of 50-200 nm, are distributed uniformly throughout a continuous phase. 
Colloid stability is important in the printing industry and other manufacturing industries 
including pharmaceuticals, paints and adhesives.5 Without this stability, particles would 
aggregate together and phase-separate, causing dispersions to become useless (see 
Figure 1.1). 
 
 
Figure 1.1 Schematic representation of a colloidal dispersion and the different ways in 
which the stable dispersion can become destabilised. 
 
In order to generate a stabilised colloid dispersion a repulsive interaction needs to be 
applied which outweighs the attractive van der Waals forces between particles. This can 
be achieved by electrostatic, steric or electrosteric interactions.  
 
1.2.1    Electrostatic Stabilisation 
A description of electrostatic stabilisation is based upon the model developed by 
Derjaguin, Landau,6 Verwey and Overbeek7 (DLVO). DLVO theory is based on the 
assumption that there are only two forces acting on the dispersed particles: Van der 
Waals and electrostatic forces. The electrostatic force is generated by the formation of 
an electrical double layer, created through the diffusion of ions at the charged particle 
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surface. Figure 1.2 shows the potential energy curve according to DLVO theory for two 
particles approaching each other at distance, d. For a stable colloid dispersion, Vmax 
needs to be higher than kT, where kT is the thermal energy of the dispersed particles. 
A disadvantage of electrostatic stabilisation is its inability to stabilise high particle 
concentrations. High concentrations force particles to be at a distance from each other 
where the van der Waals forces become significant and the dispersion flocculates. 
Electrostatic dispersions also suffer from other disadvantages such as sensitivity to pH, 
salt8 and freeze-thaw cycling.9 
 
Figure 1.2. Left: variation of potential energy with particle separation according to 
DLVO theory. VR is the repulsive energy due to the electrical double layer, VA is the 
attractive energy caused by van der Waals forces, VT is the total energy and d is the 
particle separation. Right: Electrostatic stabilisation mechanism for negatively charged 
particles. Figure adapted from reference 10. 
 
1.2.2    Steric Stabilisation 
The mechanism for steric stabilisation was proposed by Clayfield and Lumb,11 and 
Vincent12 and Napper13. Steric stabilisation can be achieved through adsorption14 or 
grafting15 of polymers onto the surface of colloidal particles. Stabilisation is driven by 
two factors: entropy and enthalpy. If two polymer-coated particles approach each other, 
the chains interpenetrate and become compressed; this leads to an unfavourable loss of 
configurational entropy and an increase in free energy of the system. The enthalpic term 
arises from the polymer layer interacting more favourably with solvent molecules than 
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other polymer segments. The interpenetration of polymer chains also results in an 
increase in osmotic pressure leading to repulsion between particles. The potential 
energy diagram for steric stabilisation is shown in Figure 1.3. 
 
 
Figure 1.3. Variation of potential energy with particle separation for steric 
stabilisation. VR is the repulsive energy due to the polymer layer, VA is the attractive 
energy arising from van der Waals forces, VT is the total energy and d is the particle 
separation. 
 
The effectiveness of steric stabilisation is dependent on the amount of polymer adsorbed 
and the thickness of the adsorbed layer.16,17 Adsorbed layers with greater thickness 
prevent colloid particles getting close enough to experience attractive van der Waals 
attractions.  A sterically-stabilised colloidal dispersion does not become affected by a 
change in pH or high salt concentrations, a property that is advantageous for many 
applications such as corrosion-resistant coatings.18 
 
1.2.3    Electrosteric Stabilisation 
Electrosteric stabilisation benefits from the properties of both electrostatic and steric 
stabilisation, making it a very effective means for stabilising colloid particles. The 
potential energy diagram for electrosteric stabilisation is shown in Figure 1.4. This 
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diagram shows that, at long particle distances, the electrical double layer stabilises the 
particles, but at shorter distances steric stabilisation comes into play, preventing 
aggregation of particles.  Electrosteric stabilisation is used to stabilise the ink-jet 
pigment particles that were used in the research described by this thesis. 
 
 
Figure 1.4. Potential energy curve and schematic representation showing the variation 
of potential energy with particle separation for electrosteric stabilisation. VR is the 
repulsive energy due to electrostatic repulsion, Vs is the repulsive energy due to the 
polymer layer, VA is the attractive energy because of van der Waals force and d is the 
particle separation. 
 
Electrosteric stabilisation is commonly achieved by creating a structured copolymer 
such as a diblock copolymer that consists of hydrophobic segments that can adsorb onto 
the pigment surface and a hydrophilic polyelectrolyte segment that will extend out into 
the continuous phase to provide electrosteric stabilisation.19 Instead of using structured 
polymers, the majority of ink-jet printing applications use random copolymers as 
dispersants, as this offers an easier and cheaper copolymer synthesis.  
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1.3 Polymer Adsorption 
Adsorption is an increase in concentration of a solute at an interface. Adsorption occurs 
when the difference in free energy between polymer-solvent interactions and polymer-
interface interactions is negative. If this is not the case then depletion occurs.  Two 
types of adsorption can take place: chemisorption (when the polymer chemically bonds 
to the interface) and physisorption (when the polymer interacts with the surface through 
physical interactions such as hydrogen bonding or van der Waals forces).  
The conformation of polymeric dispersants on the solid-liquid surface is important 
when considering their overall ability to stabilise colloid dispersions. The conformation 
of a polymer chain adsorbed at a colloidal solid-liquid interface can be described in 
terms of loops, trains, tails and bridges20 (see Figure 1.5).  Trains are sections with all 
polymer segments in contact with the interface. Loops connect trains and have no 
contact with the surface and tails are the non-adsorbed chain ends. The conformation at 
which the polymer adsorbs at the solid-liquid interface depends upon the interaction 
energies between the polymer, liquid and particles. Under certain conditions, polymer 
chains can adsorb onto two or more particles, causing bridging flocculation to occur. 
 
Figure 1.5. Schematic showing possible conformations of a polymer chain adsorbed 
onto the surface of two particles. 
 
To characterise polymer adsorption at the solid/liquid interface three parameters are 
commonly determined:21 (i) the amount of polymer adsorbed, (ii) the fraction of 
segments in direct contact with the solid surface and (iii) the volume fraction profile. 
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1.3.1 Adsorption Isotherms 
The amount of polymer adsorbed onto an interface is commonly shown as an adsorption 
isotherm. An adsorption isotherm is a plot of the adsorbed amount, Γ against the 
equilibrium polymer concentration, Ceq. An adsorption isotherm for a monodisperse 
polymer is shown in Figure 1.6. The horizontal line is referred to as the ‘plateau’ and 
indicates that the surface is completely saturated.  
 
Figure 1.6. Typical adsorption isotherm for a monodisperse polymer. 
 
Adsorption isotherms are commonly obtained using the indirect method, which involves 
measuring the difference in polymer dispersant concentration in the continuous phase 
before and after adsorption. If the polymer dispersant contains specific functional 
groups, then spectroscopic techniques such as UV22 or IR23 can be used to determine the 
change in polymer concentration.  The point at which the isotherm reaches its plateau 
can depend on parameters such as molecular weight24, composition and solvency.25 
Generally, as molecular weight increases the plateau value increases up to a limit where 
increasing molecular weight no longer has an effect on the plateau. Solvency can be 
altered by increasing temperature17 or adding salt.25 The effect of solvency with 
temperature was studied for the adsorption of poly(vinyl alcohol) (Mw = 65100 g mol
-1) 
on 200 nm diameter latex particles in water. As the temperature was increased from 5 to 
50°C, the solvency of poly(vinyl alcohol) reduced due to a breakdown of hydrogen 
bonds. The reduction of solvency resulted in an increased amount of adsorbed polymer 
and therefore a higher plateau value. 17 
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1.3.2 Bound Fraction 
The bound fraction, p, gives an indication of how strongly adsorbed the polymer chains 
are at the interface. The bound fraction also gives insight into the conformation of the 
polymer. A high bound fraction indicates that the polymer chain consists of many train 
segments whilst a low value of p indicates that the polymer forms loops, tails and 
bridges. IR spectroscopy has commonly been used to calculate p.26 If a shift in 
frequency occurs upon adsorption then it is possible to determine whether the polymer 
segments are in a bound or un-bound environment. 
 
1.3.3 Volume Fraction Profile 
The volume fraction distribution φ(z) is given by the number of segments in the 
direction perpendicular to the surface (conventionally the z-direction) (see Figure 1.7). 
The profile describes how the polymer layer is arranged at an interface. This gives an 
estimate of the surface area per unit volume of substrate, the hydrodynamic thickness, 
δh, of the adsorbed layer and a measure of how much polymer is present within the 
layer.27 The hydrodynamic thickness is a particularly useful parameter as it indicates 
how effectively the adsorbed layer is stabilising the colloid particles. 
 
Figure 1.7. Typical example of a volume fraction profile. 
 
To date, small-angle neutron scattering is the most accurate experimental method for 
obtaining a volume fraction profile.28 This will be discussed further in section 1.7.2. 
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1.3.4 Adsorption of Random and Diblock Copolymer Dispersants 
Random copolymers, whereby two or more monomer units are arranged randomly 
along the polymer chain, have structural properties that are intermediate compared to 
their corresponding homopolymers. Random copolymers used as polymeric dispersants 
are typically made up of two monomer types. The first has an affinity with the interface 
and adsorbs or ‘anchors’ onto the surface. The other monomer does not have an affinity 
for the surface and sticks out from the surface to provide steric or electrosteric 
stabilisation (depending on its structure). 
Depending on the polydispersity and sequence distribution of the random copolymer, 
various adsorption scenarios can occur. Figure 1.8a) shows the adsorption of chains 
with the same length but different compositions. Chains that contain more of the anchor 
block will preferentially adsorb. In Figure 1.8b) the situation is more complex, with 
chains of differing lengths and composition. In this scenario there are two competing 
effects: (i) long chains adsorb more favourably over short chains29,30 and (ii) chains with 
longer segments of anchor blocks preferentially adsorb over chains with short anchoring 
blocks. In this case, competing effect (ii) dominates adsorption. This leads to small 
chains preferentially adhering to the surface over long chains if the small chains contain 
large anchoring sections. Figure 1.8c) depicts what would happen if the copolymer is 
‘blocky’, whereby the anchor units are not distributed evenly throughout the chain but 
are instead grouped together. This leads to chains with longer anchor blocks adsorbing 
at the interface. Figure 1.8d) displays self-association of copolymers at the interface that 
can occasionally occur if the copolymer concentration is high and the copolymer is in a 
poor solvent for the adsorbing block.  
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Figure 1.8. Schematic showing possible scenarios for the adsorption of random 
copolymers with a) the same length but different composition, b) different composition 
and length, c) block-like character and d) poorly soluble segments leading to self 
association. Figure adapted from reference 31. 
 
The use of random copolymers to produce stable pigment dispersions, for utilisation in 
the ink-jet industry, has been studied by Yoon and Choi32 who synthesised random 
copolymer dispersants by free-radical polymerisation in alcohol using two or three 
monomers. The polar monomer was methacrylic acid (which was made water-soluble 
by treatment with potassium hydroxide) and the non-polar monomer was either (i) 
methyl methacrylate, (ii) butyl methacrylate (iii) benzyl methacrylate or (iv) styrene 
(see Figure 1.9).  
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Figure 1.9. Schematic representation of the chemical structure of random copolymers 
used for dispersing pigment particles.32 
 
Diblock copolymers consist of blocks of monomer units. Block copolymer dispersants 
typically contain an ‘anchor’ block which adheres to the interface and a ‘buoy’ block 
which extends out from the surface. 
Spinelli used controlled free-radical polymerisation to create acrylic diblock polymers 
to operate as pigment dispersants.33 The hydrophobic block consisted of either a 
homopolymer or copolymer of methacrylate monomers while the hydrophilic block 
consisted of neutralised acid- or amine- containing copolymers that extended out in an 
aqueous dispersion to provide electrosteric stabilisation.  
Using random copolymers as dispersants is more practical and more cost-effective as 
they are synthesised by simple free-radical polymerisation. However block copolymers 
offer more dispersion stability since they are able to bind more efficiently onto 
particles32 (see Figure 1.10). Diblocks offer thicker layers and can adsorb more strongly 
onto the particle surface.  
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Figure 1.10. Schematic representation showing the difference between the adsorption 
of a block and random copolymer on a pigment particle surface. The random copolymer 
binds with more difficulty due to the irregularity between the hydrophobic and 
hydrophilic parts. Figure adapted from reference 32. 
 
The difference in dispersion performance between block and random copolymers was 
demonstrated by Chang and co-workers.34 The group used block copolymers of 
polystyrene and poly(acrylic acid) p(St-b-AA) with varying molecular weights to 
stabilise pigment particles used in ink-jet inks. P(St-b-AA) was made by first 
synthesising a block copolymer of polystyrene and poly(tert-butyl acrylate) p(St-b-tBA) 
by atom transfer radical polymerisation (ATRP), then selectively hydrolysing the ptBA 
block with trifluoroacetic acid to generate the hydrophilic PAA block.  
P(St-b-AA) and p(St-ran-AA) random copolymers were both used to make pigment 
dispersions. The random and diblock versions both had the same styrene/acrylic acid 
molar ratio of 1.5/1.0 Pigment dispersions were made with the same pigment/dispersant 
mass ratio of 1.0/0.5. The stability of the dispersions was studied by monitoring the 
change in size of these pigment particles when varying amounts of monomers (styrene 
and acrylic acid) were added to the dispersion (see Figure 1.11). The monomers were 
introduced to induce flocculation of the stable pigment dispersion. Addition of 
monomers induced flocculation because it increased the tendency of the polymeric 
dispersant to become fully dissolved in the solvent.  
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Figure 1.11. Change in diameter of pigment particles stabilised with a block copolymer 
p(St-b-AA) or random copolymer p(St-ran-AA) with increasing addition of St and AA 
monomers. The random and block copolymer both have the same styrene/acrylic acid 
molar ratio of 1.5/1.0. Figure adapted from reference 34. 
 
When the diblock was used as a pigment dispersant, the size increased by ~40 nm after 
addition of 40 % monomer. However, dispersions where the random copolymer had 
been used as the dispersant increased in size even at 20 % monomer content. This result 
was attributed to the hydrophobic styrene block of the block copolymer being able to 
anchor more efficiently onto the pigment surface compared to the random distribution 
of styrene units in the random copolymer. 
Auschra et al.35 investigated how changing the block length of a polymeric dispersant 
affected pigment dispersant performance. The polymeric dispersant used was poly(n-
butyl acrylate-b-(2-dimethylamino)ethyl acrylate), p(BA-b-DMAEA) and the solvent 
was a volume ratio of xylene/butanol/1-methoxy-2-propanol (70/15/15). The pDMAEA 
block was able to absorb onto the pigment particles whilst the pBA provided steric 
stabilisation. Red pigment particles were used and either had a surface area of 15 m2/g 
or 94 m2/g. For the pigment particles with a specific surface area of 15 m2/g optimum 
performance was achieved when the pigment adsorbing pDMAEA block had a DP 
above 20. It was also observed that the DP of the pBA block could be lowered to 53 and 
still adequately disperse these pigment particles. For pigment particles with a specific 
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surface area of 94 m2/g, optimum performance was achieved when the pBA steric 
stabiliser block had a DP larger than 100 and the pDMAEA had a DP below 20. The 
higher specific surface area of these pigment particles required a higher density of 
adsorbed copolymer at the pigment surface to be stabilised. This could only be achieved 
when the anchor pDMAEA block was relatively short, allowing more of the chains to 
adsorb and pack onto the pigment surface. This explanation is illustrated in Figure 1.12. 
The highest amount of adsorbed block copolymers occurs when the adsorbing block is 
10-20 % of the total chain length.31 
 
Figure 1.12. Schematic representation of different adsorption scenarios for block 
copolymers: a)adsorption of a long pigment anchor block; b) adsorption of a short 
anchor block allowing a higher surface coverage and forcing the steric stabiliser block 
to stick out further and stabilise more effectively. Figure adapted from reference 35. 
 
For a number of years, polymer adsorption has been the subject of both experimental 
and theoretical studies.21,36 The focus of this PhD will be the investigation of the 
adsorption of polymers at the solid-liquid interface using various of experimental 
techniques. The techniques and their application in this research will be described in 
sections 1.4 to 1.9. 
 
1.4 Rheology 
The term rheology was coined by Bingham in the 1920s37 and is defined as the science 
of deformation and flow. Rheology is very sensitive to small changes in a material’s 
structure, making it useful for characterising the conformation of polymers. 
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Viscosity is the most sought-after rheological quantity and can differ depending on 
whether the liquid is Newtonian or non-Newtonian. Viscosity, ƞ is defined as the ratio 
of shear stress to shear rate, σ/γ. The most common effect associated with non-
Newtonian fluids is shear-thinning behaviour, whereby viscosity decreases as it is 
exposed to higher shear rates. An example of shear-thinning behaviour can be seen with 
paint which, when applied to a surface, will decrease in viscosity allowing easier 
application. On the other hand, some non-Newtonian materials such as corn flour in 
water can exhibit the opposite effect, called shear-thickening. A Newtonian fluid, e.g. 
water, would show neither of these effects and would remain at the same viscosity 
within a range of shear rates (at a sufficiently high shear rate, all liquids become non-
Newtonian). It has been estimated that water would be required to be sheared at an 
unfeasible 1012 s-1 in order to observe non-Newtonian behaviour.38 All of these effects 
are shown in Figure 1.13. 
 
Figure 1.13. Schematic illustration to show the different behaviours of liquids under 
shear. 
 
The Otsubo group has frequently utilised rheology to study the conformation of 
adsorbed polymers onto different surfaces. One particular focus was on the occurrence 
of polymer bridging between particles and its effect on the rheological behaviour of 
colloidal dispersions.39 
The rheological behaviour of a silica suspension in an aqueous solution of associating 
polymer was investigated by Otsubo et al.40 This paper described the effect of 
hydrophobically-modified ethoxylated urethane (HEUR) with a molecular weight of 
approximately 25,000 g mol-1 in the presence of aqueous silica suspensions with a mean 
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diameter of 1.3 m. The main findings of this paper are illustrated in Figure 1.14. When 
the HEUR was added to the silica suspensions at low concentrations, flocculation was 
induced by an irreversible bridging mechanism, and the suspension became shear-
thinning (Figure 1.14a). The suspensions containing HEUR slightly above full silica 
coverage displayed Newtonian behaviour due to the weak associating interaction 
between the polymer chain-ends breaking and reforming via Brownian motion (see 
Figure 1.14b). Suspensions with a large excess of HEUR showed Newtonian flow and 
high stability against sedimentation. This was due to an association network between 
the hydrophobic ends of the HEUR being created in the solution (see Figure 1.14c). 
 
Figure 1.14. Conformation models of bridging flocculation induced by associating 
polymer; a) irreversible bridging at low polymer concentrations; b) weak reversible 
bridging slightly above the saturation coverage; c) stabilised particles in the 
associating network of polymer. Figure adapted from reference 40. 
 
1.5 Fluorescence Spectroscopy  
Luminescence is the emission of light from the electronically excited state of a 
substance.41 Depending on the nature of the excited state, luminescence can be divided 
into two categories: fluorescence and phosphorescence. The difference between the two 
emissions can be described by a Jablonski diagram (see Figure 1.15). Fluorescence 
occurs via emission of light from the singlet state, while phosphorescence occurs 
through emission from the triplet state at a longer wavelength.42 
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Figure 1.15. Jablonski diagram illustrating the electronic states of a molecule and the 
transitions between them. Adapted from reference 41. 
 
Fluorescence techniques have long since been employed to investigate the dynamics of 
a chemical species at a molecular level. By attaching a fluorescent label (fluorophore) to 
a polymer chain, it is possible to observe the chain dynamics by looking at the 
properties of the fluorophore (intensity, lifetime, anisotropy). Examples of fluorophores 
that have been used to probe polymer conformation include acenaphthylene (ACE)43, 9-
anthrylmethyl methacrylate (AMMA)44, 1-vinylnaphthalene (1-VN)45 and pyrene46,47,48 
(Figure 1.16). One advantage of using fluorescence is its sensitivity. Only a trace 
amount of fluorophore is needed to monitor molecular processes, which prevents the 
fluorophore perturbing the system under investigation.  
 
Figure 1.16. Examples of fluorophore labels used to probe a polymer’s molecular 
structure. ACE, AMMA and 1-VN can be covalently bound to polymers and pyrene 
becomes solubilised inside the polymer. 
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1.5.1 Time-Resolved Anisotropy Measurements  
Time-resolved anisotropy measurements (TRAMS) allow the motion of fluorophores to 
be observed during the lifetime of its excited state.49 TRAMS data reports the 
orientation of the fluorophore, which in turn reflects the motion of the polymer chain to 
which it is attached. TRAMS has been found to be particularly useful for monitoring 
biological systems. Some of the biological processes examined with TRAMS include 
protein-protein interactions49, enzyme flexibility50 and lipid bilayers.51 The rotation of 
macromolecules can depend on various factors such as size, shape and the solvent.52 
The first step in TRAMS is to use vertically-polarised light to excite only the 
fluorophores that are vertically aligned. This is called photoselection and results in a 
degree of anisotropy, r, to be created in an otherwise isotropic solution. Once excited, 
the molecule may rotate during the lifetime of the excited state (typically ~10-9 s) 
leading to a decay in anisotropy (see Figure 1.17). 
 
 
Figure 1.17. Decay of anisotropy of vertically-excited fluorophores over time. 
 
The anisotropy, r, is derived by measuring the intensities of the vertically, IVV and 
horizontally, IVH polarized components of the fluorescence emission (see equation 1.1). 
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r =  
IVV − IVH
IVV + 2IVH
 
Equation 1.1 
The decay of anisotropy can be treated mathematically using equation 1.2 to produce a 
correlation time, Ʈc, which is characteristic of the molecular motion of the fluorophore. 
Ʈc is the time taken for r to fall to 1/e of its initial value, r0, see Figure 1.17. 
 
r(t) = r0exp (−
t
τc
) 
Equation 1.2 
Equation 1.2 is a single exponential decay model which provides a good fit to data 
when all excited fluorophores are in the same environment. A poor fit to the data 
indicates that the fluorophores are in more than one environment, requiring a more 
complicated decay model containing more than one Ʈc.  
 
1.5.2 Un-Adsorbed Polymer Conformation 
TRAMS has been extensively used to investigate the conformation of polymers in 
solution. These include the conformation of poly(methacrylic acid) (PMAA) in water,53 
which has had either ACE or 1-VN fluorophores attached to its backbone. In basic 
aqueous media the fluorescence anisotropy could be described using a single 
exponential model of r(t) and had a Ʈc of 5 ns. Below pH 4, at least two exponential 
terms were required for an adequate description of r(t) and a larger Ʈc of ~23 ns was 
observed (see Figure 1.18). 
 
Figure 1.18. pH dependence of Ʈc for ACE-labelled PMAA. Figure adapted from 
reference 53. 
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The larger Ʈc observed below pH 4 indicated that the ACE label had more restricted 
motion, leading to the assumption that the polymer had become more coiled. The 
coiling was due to the COO- groups becoming protonated below pH 4, making the 
chains insoluble in water and hence minimising their contact with water.  The 
requirement of two exponential terms below pH 4 showed that the label existed in two 
environments, as shown by Figure 1.19. The ‘pearl necklace’ model has been suggested 
for the presence of label in two domains. The pearl necklace model assumes there are 
collapsed regions of polymer joined together with water-swollen segments.54 Above pH 
4, electrostatic repulsion leads to PMAA to extend into a more open structure.  
 
 
Figure 1.19. Schematic showing the two possible conformations of PMAA above and 
below pH 4. Below pH 4, the ACE label exists in two environments (pearl necklace 
conformation) leading to the correlation time, Ʈc to be resolved into two values. Above 
pH 4 the carboxylic acid groups become deprotonated, leading to PMAA to be pushed 
out into a more open conformation. 
 
The effect of substituents being attached to the polymer backbone was studied by 
comparing the correlation time of PMAA with poly(acrylic acid) (PAA) in dilute 
methanolic solution.55 It was shown that PMAA had an average correlation time of 4.2 
ns while PAA had a shorter average correlation time of 1.3 ns. The longer correlation 
time was attributed to the methyl group attached to the PMAA backbone, causing steric 
hindrance. 
 
1.5.3 Adsorbed Polymer Conformation 
TRAMS is a useful technique for studying the adsorption of molecules at interfaces as 
adsorption is associated with restricted mobility. The adsorption of a rhodamine B 
Chapter I – Introduction 
 
22 
 
(RhB) labelled polyelectrolyte adsorbed onto 18 nm diameter LUDOX silica in water 
was investigated by TRAMS.56 The polyelectrolyte was a copolymer of diallyldimethyl 
ammonium chloride and N-(3-aminopropyl)methylacrylamide hydrochloride 
p(DADMAC-APMAA). 
Figure 1.20 shows that, upon adsorption, the rate of decay of anisotropy, r(t), was longer 
in the presence of silica. Two correlation times of 2.8 ns and 685 ns were obtained from 
the fitting of anisotropy decay in Figure 1.20b. It was suggested that these two 
correlation times could arise from the polyelectrolyte adopting a loop and chain 
conformation on the silica. The RhB label attached in a loop should have more mobility 
and therefore a shorter correlation time of 2.8 ns. The higher correlation time of 685 ns 
should correspond to RhB label attached to bound train segments on the silica surface. 
The adsorption of poly(dimethylacrylamide) at the silica/water interface was also 
studied and was found to exist in a ‘flat’ conformation as trains on the silica.57 
 
Figure 1.20. TRAMS decay curves for aqueous solutions of RhB-labelled p(DADMAC-
APMAA) (0.02 wt %) in  a) the absence and b) presence of 18 nm silica (0.75 wt %).56 
 
Following this study, the adsorption of anthracene-labelled polystyrene onto quartz in 
cyclohexane was examined.58  Upon adsorption, rotational motion of the anthracene 
label was hindered, leading to the decay of anisotropy to increase from 2.6 to 4.4 ns. 
The small increase in correlation time led to the hypothesis that the label was located in 
loops, so it could still rotate freely.  
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1.5.4  Steady State Spectroscopy  
TRAMS is often used in combination with steady-state spectroscopy to provide 
additional information. The conformation of fluorophore-labelled polymers adsorbed at 
surfaces has been studied by looking at fluorescent emission via steady-state 
spectroscopy. For example, Tjipangandjara and Somasundaran59 investigated the 
conformation of pyrene-labelled poly(acrylic acid) adsorbed onto 0.3 μm alumina 
particles in water using this technique. Excimer fluorescence was used to study polymer 
adsorption onto the alumina particles. An excimer is a short-lived dimeric or 
heterodimeric molecule that is formed from two species, with at least one of these 
species existing in its excited state. Excimers are characterised by broad emission at 
longer wavelengths. In this case, the excimer was obtained when an electronically 
excited pyrene encountered its identical self in the ground state. Emission from pyrene 
excimer formation gave a broad band at around 480 nm. The coiling index (intensity of 
excimer-to-monomer ratio Ie/Im) for adsorbed pyrene-labelled PAA at the alumina-
liquid interface was studied as a function of pH (see Figure 1.21). A high coiling index 
indicated that pyrene labels were in close contact signifying that the polymer was in a 
coiled conformation. 
 
 
Figure 1.21. The coiling index (excimer-to-monomer ratio, Ie/Im) of poly(acrylic acid) 
at the alumina-liquid interface as a function of pH. The PAA concentration was either 5 
ppm or 100 ppm. The alumina concentration was fixed at 5 wt %.59 
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At pH 4, the adsorbed chains adopted a coiled conformation as shown by the high 
coiling index. Above pH 5, ionisation led to the carboxylic acid groups becoming 
negatively charged, leading to the chains to uncoil as shown by the reduced coiling 
index. The effect of polymer concentration also became significant above pH 5. At 100 
ppm, the uncoiling of adsorbed polymer above pH 5 was less pronounced due to its 
higher concentration at the alumina surface, restricting expansion of adsorbed coils. It 
was shown that the polymer concentration was important if a stable dispersion was 
required. Above pH 6, a low polymer concentration led to flocculation of particles due 
to the chains being able to fully uncoil and bridge between particles. When a higher 
concentration was used, a stable dispersion was obtained above pH 6 due to the 
poly(acrylic acid) chains becoming more compact. This behaviour is illustrated in 
Figure 1.22. 
 
Figure 1.22. Schematic representations of the conformation of adsorbed poly(acrylic 
acid) at the alumina-liquid interface at various pH  and at both high and low polymer 
concentration. Figure adapted from reference 59. 
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1.6 Small-angle scattering 
Small-angle scattering (SAS) developed by Guinier in the 1930’s is an extremely 
powerful technique which can be used to determine the average size and shape of 
colloidal systems.60 The principles of scattering can vary depending on the type of 
particles being studied. If the probing particles are electrons then only the surface of the 
sample is analysed due to electrons being electrostatically repelled by the orbital 
electrons in the sample. X-rays are electromagnetic waves and can penetrate further into 
the sample but still get absorbed and scattered by the orbital electrons. Neutrons, which 
possess no charge, can penetrate a sample considerably further and interact with the 
nucleus of the atom. Depending on the source of particles and experimental set-up being 
used, different length scales can be investigated.  
In scattering experiments, length scale is related to the scattering vector, q. q quantifies 
length in reciprocal space by describing the relationship between the incident, ki, and 
scattered, ks, wave vectors, as shown by Figure 1.23. The isosceles triangle in Figure 
1.23 has two equal sides of length 2/λ and trigonometry yields equation 1.3. By 
substituting the Bragg law of diffraction (equation 1.4) into equation 1.3 we obtain 
equation 1.5 which is a simple expression that relates q to the size, d, of the scattering 
particle.  
 
Figure 1.23. Schematic representation showing elastic scattering of an incident beam at 
an angle of 2θ. 
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𝑞 =
4𝜋𝑠𝑖𝑛𝜃
𝜆
 
Equation 1.3 
 
 𝜆 = 2𝑑𝑠𝑖𝑛𝜃  Equation 1.4 
 
 
𝑑 =  
2𝜋
𝑞
 
Equation 1.5 
 
Figure 1.24 shows the typical q-ranges available using various scattering techniques, the 
length scale will vary slightly depending on experimental conditions. 
 
 
Figure 1.24. Typical q-range and length scales probed by various scattering methods. 
Wide-angle scattering (WAXS), small-angle X-ray scattering (SAXS), ultra-small X-ray 
scattering (USAXS), small-angle neutron scattering (SANS), ultra-small neutron 
scattering (USANS) and light scattering (LS). 
 
Scattering is a very useful technique with the scattering profile containing a wealth of 
information on the sample under analysis. SANS and SAXS data contain information 
about the size and shape of the object (form factors) and also the particles interactions 
(structure factors). To extract valuable information out of the scattering curves, the 
correct model must be fitted to the data.  
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1.7 Small-angle neutron scattering (SANS) 
Neutron scattering is a non-invasive technique used to probe the surface and perform 
bulk analysis of materials. Scattering can be either coherent or incoherent. The coherent 
scattering (whereby the phase of the scattering is conserved) reveals structural 
information for the sample under analysis.   
 
1.7.1 Instrument set-up 
Neutron instruments consist of a neutron source, moderator, collimator and a detector. 
 
 Neutron source 
Neutrons can be produced either by reactor sources or pulsed sources. Reactor sources 
continuously produce neutrons by nuclear fission. The Institute Laue-Langevin (I.L.L) 
in Grenoble, France is an example of an institute that utilises a reactor source. Pulsed 
sources produce neutrons by spallation through bombardment of a metal target with 
protons from a particle accelerator. ISIS in Rutherford, UK uses a spallation source 
using a uranium target. Nuclear fission sources operate in continuous mode whereby the 
neutrons are continuously generated, whereas spallation sources operate in time-of-
flight mode whereby neutrons are produced in pulses.  
 
 Moderator 
Once neutrons are produced, by either a reactor or spallation source, they need to be 
moderated. Moderation is a process whereby the neutrons lose some kinetic energy and 
velocity to become ‘thermal’ neutrons. Thermal neutrons are needed in SANS as they 
provide longer wavelengths, allowing larger sizes to be probed. Moderation is achieved 
by passing the neutrons through a material with a low atomic number such as H2O or 
D2O in a liquid, gas or solid form. The thermal neutrons can be used in two ways: i) 
filtered so only neutrons with a narrow range of wavelengths exist or ii) use the broad 
range of wavelengths available. The filtering of neutron wavelengths creates a fixed-
wavelength instrument and is used at reactor sources. The latter approach gives a fixed-
geometry instrument and is used in conjunction with time-of-flight spallation sources. 
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 Collimator 
Through the use of apertures coated with neutron-absorbing material, the cold neutron 
beam is collimated to a suitable size and shape before hitting the sample. 
 
 Detector 
The scattering pattern from neutrons hitting the sample is commonly displayed on a 
two-dimensional detector. Most detectors are created from Geiger-Muller tubes 
containing a detection medium such as 3He. Any part of the beam that passes straight 
through the sample without scattering is prevented from reaching the detector using a 
beam-stop. This is to prevent damage to the detector through over-exposure. 
 
1.7.2 Contrast Matching 
Neutron scattering is nucleus-dependent, leading to neutron scattering lengths varying 
with atomic number. Neutron scattering is so sensitive that even isotopes of the same 
element, such as hydrogen and deuterium, can give very different scattering lengths. 
Contrast matched conditions arise when the scattering length density, ρ, of a solvent is 
matched to the scattering length density of the sample, rendering it ‘invisible’. The wide 
availability of deuterated solvent makes manipulating the contrast-matched point easy. 
The most commonly used deuterated solvent is D2O due to it being relatively cheap and 
abundantly available. Contrast matching is advantageous as it allows the scattering 
problem to be simplified. This is especially useful when studying multi-component 
systems, such as the conformation of polymers adsorbed onto a particle surface in 
solution. Through contrast matching, a three-component system can be reduced to a 
two-component system.  
The use of SANS and contrast matching to examine the structure of adsorbed polymer 
layers at interfaces has extensively been employed by Cosgrove et al. who have 
investigated the structure of adsorbed poly(ethylene oxide) (PEO) on silica61, 
polystyrene28,62 and Laponite63. By using contrast matching to look only at scattering 
from the adsorbed polymer layer, a volume fraction profile, φ(z), could be constructed.  
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Despite the many advantages of using SANS to investigate the conformation of a 
polymer at a surface, there are also disadvantages associated with this technique. An 
overview of the advantages and disadvantages is given below. 
 
Advantages 
 Can probe both bulk and surface properties of matter. 
 Can penetrate far into the sample due to neutrons only interacting by short-range 
nuclear interactions without destroying the sample. 
 Good probe to investigate solid and liquid materials. 
 Can use ‘contrast matching’ to simplify scattering patterns. 
 
Disadvantages 
 Neutrons are expensive. 
 Neutron sources are associated with a low flux of neutrons. 
 Scattering is weak, so relatively large amounts of sample is needed (~1 ml). This 
can be expensive if deuterated sample or solvent is used. 
 
1.8    Small-angle X-ray scattering (SAXS) 
Small-angle X-ray scattering (SAXS) is a very similar technique to SANS and often the 
two are compared in the literature.64 SAXS probes a similar length scale to SANS so 
often the two scattering methods complement each other and can be used to gather more 
information on the probed matter. Like SANS, SAXS also enables contrast matching by 
using the same electron density for two materials. By altering the electron density of the 
solvent or sample, components can be made invisible. However, contrast matching 
using SAXS is not often used as changing electron density is often accompanied with 
changing the sample structure and environment. For this reason, SANS is the preferred 
technique for contrast matching experiments. 
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1.9 Present Work 
Stored pigment dispersions experience a change in viscosity over time, in many cases a 
reduction. Along with a decrease in viscosity, a drop in pH is often observed. A critical 
physical performance parameter for inks is that their viscosity remains stable during 
storage. The change in viscosity cannot solely be explained by a change of the 
polyelectrolyte structure.  
It is hypothesised that some bridging flocs could be generated during the pigment milling 
process. It is assumed that during storage this flocculation is not persistent and this results 
in an irreversible change in polymer/particle structure manifesting itself as a change in 
viscosity.  
The objective of this research was to study the conformation of the copolymer dispersant 
poly(methacrylic acid-benzyl methacrylate), p(MAA-BzMA) adsorbed onto pigment 
particles.  
In summary, the project aims are: 
 The generation of model systems for electrostatically-stabilised colloidal dispersions 
using silica particles and weak amphiphilic polyelectrolytes as dispersants. 
 Characterisation of such dispersions using scattering and fluorescent analytical 
techniques. 
 To gather a better understanding of bridging flocculation and the polyelectrolyte 
structure 
 To probe the stability of bridging flocs and their contribution to the dispersion 
viscosity 
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2.0 Introduction 
The free-radical polymerisation of two or more monomers offers an extremely useful 
route to a range of copolymers exhibiting combined properties of the corresponding 
homopolymers.1 It was Staudinger who first reported that during copolymerisation the 
rate at which monomer units entered the chain differed.2 Depending on the reactivity of 
the monomer units, the final sequence distribution of the monomers can be alternating (-
ABABAB-), block (-AAABBB-) or random (-ABBAABA-). The reactivity of monomers 
can be quantified by obtaining the monomer reactivity ratios, r1 and r2. If the reactivity 
ratios are known, an estimation of copolymer composition can be made as they give an 
indication of the preference of a monomer to either react with itself or cross-propagate 
with the second monomer. Over the years, monomer reactivity ratios have been 
determined for a vast number of copolymer systems and this work is well documented in 
the literature.3 Figure 2.1 displays the different distribution of monomers that can occur 
for various reactivity ratios. The difference in reactivity of monomers has been found to 
depend on three factors: resonance stability, polarity and steric effects.2 
 
 
Figure 2.1. Possible copolymer structures that can occur with different reactivity ratios, 
r1 and r2. The red monomer unit corresponds to r1 and the black monomer unit 
corresponds to r2. 
 
Free-radical polymerisation is often employed in industry to manufacture copolymers as 
the method is easy, cheap and efficient. The production of copolymers in industry by free-
radical polymerisation can be split into three processes: batch, semi-batch and continuous. 
The batch process is the simplest of the three methods, simply requiring all reactants to 
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be added to the vessel prior to polymerisation, and during the process no reactants are 
removed or added. The final structure of the copolymers synthesised under batch 
conditions is controlled by the reactivity of the monomers. After each batch 
polymerisation, the reaction vessel needs to be discharged of its contents and prepared 
for the next reaction. This is time-consuming and leads to poor reproducibility between 
batches. During polymerisation, an increase in viscosity occurs which makes it difficult 
to stir the mixture, resulting in a variation in temperature throughout the reaction mixture. 
For the aforementioned reasons, batch polymerisations are not commonly used in 
industry.  
Semi-batch polymerisation involves gradually adding reactants to a reaction vessel that 
already contains a polymerising mixture. The addition of reactants is occasionally 
accompanied by product simultaneously being removed from the vessel. The gradual 
addition of monomer and simultaneous removal of product avoids the issue of increasing 
viscosity and overcomes the stirring problems. This technique is favoured in industry as 
it allows some control over polymer properties and reaction rate.  
Polymerisations conducted via a continuous process involve continuous addition of 
reactants to the reaction vessel, while at the same time unused reactants and products are 
simultaneously removed. This process is an efficient method for mass production of 
polymer, as no time is lost extracting product and restarting the polymerisation process. 
This chapter focuses on the characterisation of poly(methacrylic acid-co-benzyl 
methacrylate), p(MAA-BzMA) copolymers synthesised by free-radical polymerisation 
under semi-batch and batch conditions. Raman spectroscopy was used to follow the 
kinetics of the batch copolymerisation of MAA and BzMA. Reactivity ratios, r1 and r2 for 
the batch copolymersation of MAA and BzMA were obtained using the Finemann and 
Ross4  and Kelen-Tudos5 method in conjunction with 13C NMR to analyse the 
microstructure of the copolymer through the assignment of triads.  
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2.1 Experimental 
 
2.1.1 Materials 
Methacrylic acid (MAA) and benzyl methacrylate (BzMA) were purchased from Aldrich. 
Methacrylic acid and benzyl methacrylate were passed through an inhibitor removal 
column to remove monomethyl ether hydroquinone before use. Dipropylene glycol, 99 
% mixture of isomers (DPG), tert-butyl peroxy-2-ethylhexanoate (Trigonox 21s), methyl 
iodide and triethyl amine (TEA) were purchased from Aldrich and used as received. 
Deuterated DMSO ((CD3)2SO), tetrahydrofuran (THF), hexane and dimethylfuran 
(DMF) were purchased from Fisher and used as received. Ultrapure deionised water was 
used in all experiments.  
 
2.1.2 Synthesis 
2.1.2.1 Synthesis of Poly(methacrylic acid-co-benzyl methacrylate) p(MAA-BzMA) 
36 mol % MAA : 64 mol % BzMA  
 
 Semi-Batch free-radical polymerisation (40 wt % solids)  
DPG (40.0 g) was placed into a three-necked reaction vessel equipped with a mechanical 
stirrer, under a nitrogen atmosphere and heated to 70°C. Two lines were used to feed in 
the remaining reactants using a peristaltic pump. The first line fed in MAA (11.47 g, 0.13 
mols), BzMA (38.53 g, 0.22 mols) and DPG (20.0 g). The second line fed in Trigonox 
21s (0.89 g, 4.1 mmols) and DPG (20.0 g). Feeding of all the reagents into the vessel 
commenced at the same time at a flow rate whereby all the reagents were added over a 
period of three hours. Once all of the reagents had been added, the reaction solution was 
stirred for another 3 h at 70C. The resulting copolymer was purified by precipitation 
twice into excess water and finally into excess hexane. Between each precipitation, the 
copolymer was dried in a vacuum oven and re-dissolved into THF.  
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 Batch free-radical polymerisation (20 wt % solids)  
MAA (2.10 g, 24.4 mmols), BzMA (7.90 g, 44.8 mmols), AIBN (0.10 g) and DPG (40.0 
g) were added to a two-necked 100 ml round-bottom flask.  The reaction mixture was 
purged with nitrogen for 1 h and placed into a pre-heated oil bath at 70C. The reaction 
solution was stirred at 70C under a nitrogen blanket for 6 h. The reaction was quenched 
through exposure to oxygen. The resulting copolymer was purified by precipitation twice 
into water and finally into hexane. 
 
2.1.2.2 Esterification of poly(methacrylic acid-benzyl methacrylate)6 
Prior to GPC analysis, all p(MAA-BzMA) copolymers were methylated using the 
following protocol. Carboxylic acid groups in the p(MAA-BzMA) copolymers were 
converted into methyl ester groups using a two-fold excess of methyl iodide in 
dimethylfuran (DMF) at 20°C in the presence of triethylamine (TEA). TEA, copolymer 
and DMF were placed in the flask and stirred for 15 minutes to allow the acid-base 
reaction to occur. After this time, methyl iodide was added, and the reaction was left to 
stir at room temperature for 24 h. Methylation was shown to be successful by 1H NMR 
in (CD3)2SO which gave a new peak at ~3.7 ppm resulting from the COOH group in 
MAA being converted to COOCH3. 
 
2.1.2.3 Monomer reactivity ratio (r1 and r2) determination for the batch 
copolymerisation of BzMA and MAA (20 wt % solids) 
Six BzMA and MAA mixtures were investigated. Each had a constant amount of AIBN 
initiator (1 wt % based on monomers) and a constant amount of dipropylene glycol (DPG) 
solvent. Varying amounts of MAA, BzMA, DPG and AIBN were placed in a flask with 
a magnetic stirrer. The flask was purged with N2 for 30 minutes, sealed and immersed 
into an oil bath at 70°C to start the polymerisation. After 10 minutes the polymerisation 
was quenched by exposure of the reaction mixture to oxygen and plunging the reaction 
vessel into ice cold water. Precipitation of the copolymer was carried out in methanol for 
copolymerisations with 55 mol % or above of BzMA in the reaction feed. Precipitation 
of copolymers with 73 mol % or above of MAA was precipitated into acidic water. After 
each precipitation, the copolymer was filtered and dried in a vacuum oven at room 
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temperature. Dried copolymer was weighed to calculate conversion and analysed by 1H 
NMR in (CD3)2SO to calculate the mol fraction of MAA and BzMA in the copolymer. 
 
2.1.3 Characterisation 
 
2.1.3.1  1H NMR and 13C NMR Spectroscopy 
All 1H NMR spectra were recorded in (CD3)2SO using a 400 MHz Bruker Avance-400 
spectrometer. 13C NMR spectra were recorded on a 500 MHz Bruker DRX. 13C NMR 
was recorded on 200 mg of sample dissolved in 1 ml of (CD3)2SO and run for 16 h to get 
high signal-to-noise ratios.  
 
2.1.3.2 Gel Permeation Chromatography (GPC)  
Molecular weight distributions of batch and semi-batch prepared copolymers were 
assessed using GPC. Mn and Mw values were determined using a THF GPC equipped 
with a RI detector and Polymer Laboratories PL gel 5 µm Mixed-C columns. The THF 
eluent contained 0.05 wt % BHT and monodisperse polystyrene standards were used for 
calibration. The column was set at 30ºC.  
 
2.1.3.3 Raman Spectroscopy 
Kinetic studies of the batch copolymerisation of MAA and BzMA were followed by 
Raman spectroscopy. Raman spectra were obtained using an Ocean Optics QE65000 
spectrometer with an Ocean Optics 785 nm laser excitation source. Spectra were collected 
between 0-2792 cm-1 using a fibre optic probe with a focal length of 10 mm and 210 µm 
focal spot size. Spectra were obtained by holding the probe 8 mm outside the 25 cm3 
round bottom flask containing the reaction mixture. Measurements began when the 
reaction was placed on a heated mantle set at 70ºC. Spectra were collected over one 
minute (5 second integration, averaged over 10 scans). This scanning time was used as it 
allowed high signal-to-noise for good-quality spectra. For all spectra the ‘dark signal’ 
was subtracted (intensity signal when the laser was covered). Data were processed using 
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Ocean Optics software. Conversion of monomer was calculated using equation 2.1 where 
I0 is the intensity of a peak at 0 minutes and It is the intensity of the same peak at time t. 
 
 
𝐂𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 % = (𝟏 −
𝐈𝐭
𝐈𝟎
) × 𝟏𝟎𝟎 
Equation 2.1 
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2.2 Results and Discussion 
 
2.2.1 Synthesis 
Poly(methacrylic acid-co-benzyl methacrylate), p(MAA-co-BzMA), was prepared by 
free-radical copolymerisation in dipropylene glycol (DPG) at 70°C (see Figure 2.2). DPG 
is commonly used in industry due to its low toxicity and high boiling point of 230°C.7 It 
has the molecular formula of C6H14O3 and exists as a mixture of three isomers (see Figure 
2.3).  
 
 
Figure 2.2. Schematic representation of the synthesis of poly(benzyl methacrylate-co-
methacrylic acid) p(BzMA-co-MAA) by free-radical polymerisation in DPG at 70°C.  
 
 
Figure 2.3. Three isomers of dipropylene glycol (DPG). 
 
The p(MAA-co-BzMA) copolymer was synthesised under two conditions: semi-batch 
and batch.  Semi-batch conditions were achieved by feeding monomers (MAA and 
BzMA) and Trigonox 21s initiator into a reaction vessel containing DPG via two separate 
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lines (see experimental section 2.1.2 for more details). Table 2.1 shows data obtained for 
the two p(MAA-co-BzMA) copolymers synthesised under semi-batch and batch 
conditions. For each copolymer a 64:36 mol % of BzMA:MAA was targeted. It can be 
seen from Table 2.1 how the actual mol % differed to the target mol %, especially in the 
case of the batch synthesis. In batch copolymerisations, the overall copolymer 
composition is highly dependent on the reactivity of the two monomers which can lead 
to divergences from the originally targeted composition. The 1H NMR of p(MAA-co-
BzMA) prepared under semi-batch conditions is shown in Figure 2.4. 
 
Method of 
polymerisation     
Mn
a /        
g mol-1 
Mw /        
g mol-1 Mw/Mn 
Target mol % 
MAA 
Actual mol % 
MAAb 
      
Semi-batch 47800 86200 1.8 36 39 
Batch 24500 37700 1.5 36 43 
Table 2.1. P(MAA-co-BzMA) copolymers synthesised under semi-batch and batch 
conditions by free radical polymerisation in DPG at 70°C. aMn and Mw/Mn values were 
determined by THF GPC against PS standards. bDetermined by 1H NMR spectroscopy in 
(CD3)2SO.  
 
Figure 2.4. 1H NMR spectrum of p(MAA-BzMA), 39 mol % MAA in (CD3)2SO after two 
precipitations into water and then finally into hexane. 
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2.2.2 Determination of the monomer reactivity ratios for the batch 
copolymerisation of methacrylic acid and benzyl methacrylate in dipropylene 
glycol.  
 
In order to gain insight into the copolymer structure (and hence its performance) the 
sequence distribution needs to be known. If it is assumed that the copolymerisation of 
two monomers, M1 and M2, follow the terminal unit copolymerisation model, then there 
are only four ways in which the monomers can propagate (see Figure 2.5). The terminal 
unit model assumes that the propagating chain is only dependent on the radical monomer 
unit at the chain end and any occurring side reactions are insignificant. For each 
propagation reaction shown in Figure 2.5, a propagation constant, k, is given.  
−M1 ∙ + M1
k11
→ −M1M1 ∙ 
                                                            −M1 ∙ + M2
k12
→ −M1M2 ∙ 
                                                            −M2 ∙ + M1
k21
→ −M2M1 ∙ 
                                                            −M2 ∙ + M2
k22
→ −M2M2 ∙ 
Figure 2.5. The four different ways in which two monomer units can propagate if it is 
assumed that the terminal unit polymerisation model is valid. 
 
Reactivity ratios are defined in equations 2.2 and 2.3, as the ratio of the reactivity of the 
self-propagating reactions (k11 or k22) to the ratio of reactivity for the cross-propagating 
reactions (k21 or k12). 
 
r1 = 
k11
k12
 
Equation 2.2 
 
r2 = 
k22
k21
 
Equation 2.3 
 
From the terminal model, the well-known Mayo-Lewis8 copolymer equation was derived 
(see Equation 2.4), which allows the sequence distribution of a copolymer to be predicted 
at low conversions. 
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 d[M1]
d[M2]
=  
[M1] r1[M1] + [M2]
 [M2] r2[M1] + [M2]
 
Equation 2.4 
  
Alternatively, if the mole fraction of monomer in the feed, f, and the mole fraction of 
monomer in the copolymer, F, is considered then the copolymer equation can be 
transformed into equation 2.5, which was originally proposed by Finemann and Ross.4  
 
 
F1 = 
r1 f1
2 + f1f2
r1 f1
2 +  2f1f2 + r2 f2
2 
Equation 2.5 
 
This is a convenient form of the equation because by plotting f(1-F)/F vs f2/F a linear plot 
can be obtained where r1 can be extrapolated from the slope and r2 can be obtained from 
the intercept (equation 2.6). In this equation f=m1/m2 and F=M1/M2 where m is the mole 
fraction of monomer in the feed and M is the mole fraction of monomer in the copolymer. 
 
 𝑓(1 − 𝐹)
𝐹
= 𝑟1 (
𝑓2
𝐹
) − 𝑟2 
Equation 2.6 
 
Figure 2.6 displays a plot of f(1-F)/F versus f2/F for the batch copolymerisation of MAA 
and BzMA. Reactivity ratios for the free-radical copolymerisation of MAA and BzMA in 
DPG at 70°C were determined by setting up six reactions at various monomer 
concentrations and then analysing the reaction products by 1H NMR to calculate the mole 
fraction of MAA and BzMA in the final copolymer (see section 2.1.2.3 for more details).  
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Figure 2.6. Finemann-Ross plot for the free-radical copolymerisation of various mole 
fractions of MAA and BzMA at 70°C in DPG. 
 
The data used to produce the Finemann-Ross plot for the statistical copolymerisation of 
BzMA and MAA are listed in Table 2.2. The mole fraction of MAA and BzMA in the 
copolymer was calculated by integrating the two ester protons from the BzMA units at 
4.9 ppm and comparing this integral with the polymer backbone region between 0.0-2.0 
ppm (see Figure 2.4). Each copolymerisation was terminated at ten minutes to limit 
conversion to between 5-10 %. Conversions were kept low because equation 2.4 is only 
valid for the instantaneous formation of copolymer where the concentration of monomers 
has not changed through progression of the reaction. 
 
 
    
Name 
Conversion 
/% Mole fraction 
of MAA in 
feed (m1) 
Mole fraction 
of BzMA in 
feed (m2) 
Mole fraction 
of MAA in 
copolymer 
(M1) 
Mole fraction of 
BzMA in 
copolymer (M2) 
      
      
AW39 a 8.5 0.12 0.88 0.15 0.85 
AW39 b 9.2 0.30 0.70 0.36 0.65 
AW39 c 8.8 0.45 0.55 0.49 0.51 
AW39 d 7.9 0.73 0.27 0.74 0.26 
AW39 e 8.0 0.84 0.16 0.83 0.17 
AW39 f 9.2 0.92 0.08 0.92 0.08 
      
Table 2.2. Copolymerisation of MAA and BzMA at various monomer feeds in DPG using 
AIBN initiator (1 wt % based on monomer) at 70°C. Conversion was calculated by 
weighing the dried precipitated copolymer. 20 wt % solids was targeted for each 
copolymerisation. 
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Figure 2.6 shows that a Finemann-Ross plot yielded the reactivity ratios r1 (MAA) and r2 
(BzMA) to be 0.93 and 0.72, respectively.  These values indicate that MAA has a slight 
tendency to preferentially react with itself as opposed to reacting with BzMA. This yields 
a copolymer with a random distribution containing longer sequences of MAA.  
The significance of reactivity ratios is often illustrated by plotting copolymer composition 
against feed composition. Figure 2.7 displays a copolymer composition vs feed 
composition plot for MAA using data from Table 2.2. Figure 2.7 shows other reactivity 
ratio scenarios for comparison and illustrates how the copolymerisation of MAA and 
BzMA is almost completely random, which would require r1=r2=1. 
 
 
Figure 2.7. Mole fraction of MAA in copolymer, M1 vs the mole fraction of MAA in feed, 
m1 for the free radical copolymerisations of BzMA and MAA in DPG at 70°C (♦). All 
reactions were terminated at ten minutes. The mole fraction of MAA in the copolymer 
was determined by 1H NMR in (CD3)2SO.  
 
The Finemann-Ross method for estimating reactivity ratios using a linear graphical 
method was further refined by Kelen and Tudos.5 The Kelen-Tudos equation is given in 
Equation 2.7 where r1 and r2 are the monomer reactivity ratios for monomers M1 and M2 
respectively and G and H are values that have already been obtained from the Finemann-
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Ross model where G=f(F-1)/F and H=f2/F. The parameters for the six BzMA and MAA 
copolymerisations described in Table 2.2 are detailed in Table 2.3. 
  
ƞ = (r1 + r2 / α) ξ – r2 / α 
where: 
 
Equation 2.7 
 
(𝜂 =
𝐺
𝛼 + 𝐻
 , 𝜉 =  
𝐻
𝛼 + 𝐻
 𝑎𝑛𝑑 𝛼 = (𝐻𝑚𝑖𝑛𝐻𝑚𝑎𝑥)
1/2) 
 
 
 
Name f=m1/m2 
 
F=M1/M2 G=f(F-1)/F H=f2/F ƞ=G/a + H ξ=H/a + H 
   
 
        
  
 
    
AW39 a 0.13 0.18 -0.63 0.10 -0.45 0.19 
AW39 b 0.42 0.55 -0.35 0.33 0.02 0.61 
AW39 c 0.82 0.96 -0.03 0.70 0.67 1.32 
AW39 d 2.73 2.81 1.76 2.65 4.21 4.99 
AW39 e 5.12 4.88 4.07 5.37 8.96 10.11 
AW39 f 11.95 11.50 10.91 12.42 22.06 23.40 
  
 
    
 
Table 2.3. Kelen-Tudos parameters for the copolymerisation of MAA and BzMA. m1 = 
mole fraction of MAA in feed; m2 = mole fraction of BzMA in feed, M1 = Mole fraction 
of MAA in copolymer; M2 = mole fraction of BzMA in copolymer, α = (HminHmax)1/2 = 
1.13, Hmin: lowest value of H, Hmax: highest value of H. 
 
Using the data in Table 2.3 a plot of ƞ versus ξ yields a straight line (see Figure 2.8). From 
the slope and intercept of the line, the monomer reactivity ratios of MAA (r1) and BzMA 
(r2) were determined to be 1.03 and 0.66, respectively. A comparison of reactivity ratios 
using the Finemann-Ross and Kelen-Tudos models are shown in Table 2.4. 
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Figure 2.8. Kelen-Tudos plot of η vs. ξ for MAA and BzMA copolymer systems prepared 
by free-radical polymerisation in DPG at 70°C using AIBN as initiator. 
 
Model r1 (MAA) r2 (BzMA) r1r2 
Finemann-Ross 0.93 0.72 0.67 
Kelen-Tudos 1.03 0.66 0.68 
Table 2.4. Reactivity ratios for the copolymerisation of MAA and BzMA in DPG at 70°C 
using the Fineman-Ross and Kelen-Tudos model. 
 
Reactivity ratios from the Finemann-Ross and Kelen-Tudos models both indicate that that 
p(MAA-BzMA) copolymers are mostly random, but with longer blocks of MAA. Also 
displayed in Table 2.4 is the product r1r2, reactivity ratio data is often displayed in this 
manner for simplification, the closer the product r1r2 is to zero the more likely the chain 
is alternating and the closer r1r2 is to unity the more random the copolymer. There is no 
evidence in the literature estimating reactivity ratios for the copolymerisation of MAA 
and BzMA to act as comparison for the data collected and listed in Table 2.4. In the 
absence of data for a direct comparison to a copolymer of MAA and BzMA, the reactivity 
ratios were compared to the free-radical copolymerisation of methacrylic acid and methyl 
methacrylate (MMA). In the literature, r1 and r2 values varied widely for the 
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copolymerisation of MAA (0.43-1.6) and MMA (0.3-2.60) under differing reaction 
parameters such as solvent, temperature and different analysis models. Given this wide 
variation in values, a meaningful comparison could not be made.3 Multiple studies of 
other copolymerisations also yielded varying reactivity ratios, which indicated r1 and r2 
can vary due to minor modifications to the reaction environment and model. 
The differences in monomer reactivity for the copolymerisation of BzMA and MAA can 
be explained by considering three effects: (i) polarity, (ii) resonance and (ii) steric. These 
three effects dictate how reactive the monomer is towards addition of a free-radical and 
the relative stability of the formed radical. In general, the more stable the monomer radical 
the lower the rate of polymerisation. To get an idea of the polarity and resonance of MAA 
and BzMA, the Q-e scheme from Alfrey and Price was examined.9 The Q-e scheme 
attempts to compare copolymerisation tendencies by giving a measure of the reactivity of 
monomers. This is achieved by considering the resonance (Q) and polar (e) properties of 
the monomers (see Equations 2.8 and 2.9). The Q and e values and calculated reactivity 
ratios for MAA and BzMA are listed in Table 2.5. 
 
𝑟1 =  
𝑄1
𝑄2
exp(−𝑒1 (𝑒1 − 𝑒2)) 
Equation 2.8 
 
r2 = 
Q2
Q1
exp(−e2 (e2 − e1)) 
Equation 2.9 
 
Monomer Q e Reactivity ratio, r 
MAA 0.98 0.62 0.94 
BzMA 0.88 0.35 0.99 
Table 2.5. Q (resonance) and e (polar) values for MAA and BzMA. Values were taken 
from the Polymer Handbook.3 Reactivity ratios were calculated using equation 2.8 and 
2.9.  
 
The Q-e scheme shows that r1 and r2 for MAA and BzMA are 0.94 and 0.99 respectively, 
with the r1r2 product being 0.93. The r1r2 product is close to unity indicating the 
copolymerisation would result in a random copolymer due to both monomers having 
nearly the same tendency to react with each other. The difference in reactivity ratios 
between the Q-e scheme (r1=0.94, r2=0.99) and experimentally obtained values (r1=1.03, 
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r2=0.66) is thought to be due to two major drawbacks of the Q-e scheme: (i) steric effects 
are not taken into account and (ii) the assigned polar and resonance values are considered 
to be the same for the monomer and radical. Steric effects are particularly significant for 
the copolymerisation of BzMA and MAA because BzMA contains a bulky benzyl side 
group. It is speculated that this makes MAA more reactive towards MAA, as opposed to 
being more reactive towards another BzMA unit. Although the Q-e scheme has its 
limitations, it still offers an efficient means of gaining a quick estimate for reactivity ratios 
for any copolymerisation. 
In this study linear analysis was the only method used to calculate reactivity ratios. The 
limitations of utilising linear methods to estimate reactivity ratios have been researched 
by Tidwell and Mortimer, who suggested non-linear least squares analysis as a more 
accurate approach.10 In this study, accurate values for the reactivity ratios were not 
required; thus linear analysis was deemed adequate. Many other studies which have been 
published within the last five years continue to use linear analysis to calculate 
approximate reactivity ratios.11,12,13 Regardless of the method of analysis used, it is 
important to remember that the final calculated reactivity ratios are only an estimation 
and not an accurate value, this is due to the many assumptions and simplifications which 
are made.  
 
2.2.3 Determination of the sequence distribution in batch prepared p(MAA-co-
BzMA) copolymers using 13C NMR.  
 
As there are many uncertainties associated with reactivity ratio calculations, it is good 
practise to gather data on the microstructure of polymers using spectroscopic techniques. 
There are three spectroscopy techniques commonly cited in the literature which are used 
to probe polymer structure: Fourier transform infrared spectroscopy (FTIR),14 Raman 
spectroscopy15 and NMR spectroscopy.16 NMR spectroscopy is useful for studying the 
microstructure of copolymers as this technique is highly sensitive to the nucleus 
environment. NMR can be used to analyse the sequence distribution of p(MAA-co-
BzMA) by calculating the fraction of triads along the copolymer chain. Figure 2.9 lists 
the 8 possible triad structures for p(MAA-co-BzMA), where A is the methacrylic acid 
unit and B is the benzyl methacrylate unit. In the case of AAB and BAA, these triads are 
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indistinguishable from NMR, so are considered to be the same as denoted by the line 
above.  
 𝐀𝐀𝐀  
 𝐀𝐀𝐁 = 𝐁𝐀𝐀 = 𝐀𝐀𝐁  
 𝐀𝐁𝐀  
 𝐀𝐁𝐁 = 𝐁𝐁𝐀 = 𝐀𝐁𝐁  
 𝐁𝐀𝐁  
 𝐁𝐁𝐁  
Figure 2.9. Figure showing the eight possible triads available in a copolymer sequence 
made up of monomers A (methacrylic acid) and B (benzyl methacrylate). Triads with a 
line above show that the forward and reverse of the triad is indistinguishable by NMR. 
 
The reactivity ratios obtained from the Kelen-Tudos method (r1=1.03, r2=0.66) were used 
to estimate the triad fractions using equations 2.10-2.15. PA/B is the probability of an A 
(MAA) reacting with a B (BzMA) unit and PB/A is vice versa. The estimated fractions are 
listed in Table 2.6. Once the triads were measured, the sequence order parameter, χ was 
estimated using equation 2.16.  Figure 2.10 shows examples of copolymers that can be 
expected for different χ values. Table 2.6 shows that the average sequence order 
parameter is 1.1, indicating a random copolymer with a slight tendency towards 
alternating. 
 
 𝐀𝐀𝐀 = (𝟏 − 𝐏𝐁 𝐀⁄ )
𝟐         Equation 2.10 
 𝐀𝐀𝐁 = 𝟐(𝐏𝐁 𝐀⁄ )(𝟏 − 𝐏𝐁 𝐀⁄ )         Equation 2.11 
  𝐀𝐁𝐀 = (𝐏𝐁 𝐀⁄ ) 
𝟐 Equation 2.12 
 𝐁𝐁𝐁 = (𝟏 − 𝐏𝐀 𝐁⁄ )
𝟐 Equation 2.13 
 𝐀𝐁𝐁 = 𝟐(𝐏𝐀 𝐁⁄ )(𝟏 − 𝐏𝐀 𝐁⁄ ) Equation 2.14 
 𝐁𝐀𝐁 = (𝐏𝐀 𝐁⁄ ) 
𝟐 Equation 2.15 
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𝐰𝐡𝐞𝐫𝐞: 
 𝐏𝐀 𝐁⁄ = 
𝟏
𝟏 + 𝐫𝟏 𝐟⁄
     𝐏𝐁 𝐀⁄ = 
𝟏
𝟏 + 𝐫𝟐𝐟
 
 
 
𝐟 (𝐦𝐨𝐧𝐨𝐦𝐞𝐫 𝐟𝐞𝐞𝐝 𝐫𝐚𝐭𝐢𝐨) =  
[𝐌𝐀𝐀]
[𝐁𝐳𝐌𝐀]
 
 
 𝛘 =  𝐏𝐀 𝐁⁄ + 𝐏𝐁 𝐀⁄  Equation 2.16 
 
 
Mol % of MAA 
in feed (m1) 
Mol % of BzMA 
in feed (m2) 
 
f 
(m1/m2) AAA BAB BAA BBB ABA ABB 
 
χ 
0.12 0.88 0.13 0.01 0.77 0.21 0.69 0.03 0.14 1.05 
0.30 0.70 0.42 0.09 0.48 0.42 0.37 0.15 0.24 1.09 
0.45 0.55 0.82 0.21 0.29 0.50 0.20 0.31 0.25 1.10 
0.73 0.27 2.73 0.54 0.07 0.39 0.04 0.65 0.16 1.07 
0.84 0.16 5.12 0.71 0.03 0.27 0.01 0.78 0.10 1.05 
0.92 0.08 11.95 0.86 0.01 0.14 0.00 0.90 0.05 1.02 
Table 2.6. Estimated triad fractions and sequence order parameters, χ for the 
copolymerisation of MAA and BzMA at 70°C using reactivity ratios (r1=1.03, r2=0.66) 
calculated from the Kelen-Tudos linear analysis. 
 
𝜒 = 1 Random copolymer 
             𝜒 > 1 Alternating tendency 
𝜒 < 1 Block forming tendency 
𝜒 = 2 Alternating copolymer 
𝜒 = 0 Block copolymer 
Figure 2.10. Possible copolymer structures that can be obtained with different sequence 
order parameters χ. 
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13C NMR was used to directly analyse the fraction of triads in p(MAA-BzMA) 
copolymers. The region between 174-182 ppm in the 13C NMR of p(MAA-BzMA) shown 
in Figure 2.11 appeared as a multiplet, indicating that the carbonyl group was sensitive to 
its environment. Following this, the copolymers listed in Table 2.2 and the corresponding 
homopolymers (MAA and BzMA) were all analysed by 13C NMR and expanded over 
174-182 ppm to extract triad information from the multiple peaks (Figure 2.12).  
 
Figure 2.11. 13C NMR spectra of p(MAA-co-BzMA) 39 mol % MAA in (CD3)2SO. 
Chapter II –Characterisation of p(MAA-BzMA) copolymers 
 
55 
 
 
Figure 2.12. Expanded region (174-182 ppm) of the 13C NMR spectra recorded for 
p(MAA-co-BzMA) copolymers in (CD3)2SO.  
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The 13C NMR spectra of MAA and BzMA homopolymers showed that peak splitting was 
occurring due to tacticity, which would overlap with any peaks arising from copolymer 
sequence effects. As the tacticity in the p(MAA-co-BzMA) copolymers led to an overlap 
of any splitting occurring from triad structures, reliable structural information could not 
be obtained from these spectra. This problem has previously been reported by Lyeria, 
who described how the microstructure of poly(methacrylic acid-methyl methacrylate) 
copolymer was analysed by NMR.17 Lyeria overcame the resonance overlap problem by 
using a computer program to generate theoretical 1H and 13C NMR spectra of the 
copolymer. Another study analysing the microstructure of poly(methacrylic acid-
(dimethylamino)ethyl methacrylate) eliminated splitting from tacticity by running all 13C 
NMR in alkaline NaOD/D2O mixtures.
18  
 
2.2.4 Kinetic analysis of the batch polymerisation of MAA and BzMA in DPG using 
Raman spectroscopy 
Often in polymerisation reactions, monomer conversion is monitored using 1H NMR 
whereby aliquots are taken at time intervals and conversion is determined by integrating 
monomer peaks for comparison with polymer peaks.19 This approach could not be used 
for the copolymerisation of BzMA and MAA in DPG due to DPG having a complex 1H 
NMR spectrum that overlaps peaks from the MAA and BzMA monomers and copolymer 
backbone. Instead, the kinetics of BzMA and MAA in DPG was followed by Raman 
spectroscopy, which offered a simple, non-invasive route for obtaining spectra during 
polymerisation. Previously, Raman spectroscopy has successfully been used to study 
homopolymerisations20 and copolymerisations21. The advantages of using Raman 
spectroscopy to follow polymerisations have been discussed in a review by Edwards et 
al.22  
Prior to initiation of the polymerisation, the MAA, BzMA, AIBN and DPG mixture was 
analysed by Raman spectroscopy. It was observed that the band at 1660 cm-1 
corresponding to the C=O in MAA was shifted to ~ 1700 cm-1 and became broader (Figure 
2.13). The band at 1660 cm-1 was attributed to the methacrylic acid units forming cyclic 
dimers through intra-molecular hydrogen bonding (see Figure 2.14a). It is speculated that 
the shift of ~40 cm-1 to higher wavenumber when mixed with DPG is due to the hydroxyl 
groups present in DPG hydrogen bonding with the carboxylic acid groups in MAA, 
leading to a reduction in the number of dimer structures (see Figure 2.14b). This 
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observation can be compared to the shift observed for the C=O present in acetic acid.23 
When water was added to pure acetic acid the C=O peak shifted from 1665 to 1715 cm-
1.  A shift to a higher wavenumber indicated that the hydrogen bonding had become 
weaker. 
 
Figure 2.13. Raman spectra of MAA, BzMA, DPG and a mixture of all three components 
where monomers make up 20 wt % of the overall mixture (36:64 mol % MAA:BzMA). 
 
 
Figure 2.14. a) Formation of cyclic dimer between two carboxylic acid groups through 
intramolecular hydrogen bonding and b) possible intermolecular hydrogen bonding 
between methacrylic acid and DPG.  
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Commonly, polymerisation kinetics are observed by following the transformation of the 
C=C bond to a C-C bond in the monomer residues.20,21 This method was used to follow 
the conversion of BzMA and MAA by examining the change in intensity from the Raman 
band associated with the C=C bond at 1640 cm-1 (see Figure 2.15). Figure 2.16 shows the 
structure of MAA and BzMA with the labelled Raman band used to follow kinetics. 
 
Figure 2.15. Raman spectra of methacrylic acid (MAA), benzyl methacrylate (BzMA) and 
dipropylene glycol (DPG). The band at 1640 cm-1 represents the C=C bond and its 
intensity was monitored to follow the kinetics of the copolymerisation of MAA and BzMA. 
 
 
Figure 2.16. Structures of (left) methacrylic acid (MAA) and (right) benzyl methacrylate 
(BzMA) with labelled band stretches that were examined by Raman spectroscopy. All 
numbers are quoted in cm-1. 
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The conversion of MAA and BzMA in DPG at 70°C was monitored by observing changes 
in the intensity of the C=C (1640 cm-1) peak (see Figure 2.17). Conversion versus time 
graphs were plotted with and without the 1640 cm-1 shift being made relative to an internal 
standard peak (see Figure 2.18). The band at 1004 cm-1 corresponding to the C=C bond 
in the benzene ring on BzMA was chosen as an internal standard due to its shift not being 
affected during copolymerisation. Comparison of graph (a) with graph (b) in Figure 2.18 
shows that the relative conversion of 1640 cm-1 gave a better result, as expected. 
Analysing kinetic data by comparing the absolute intensity of a peak to a reference peak 
was also used by Özpozan et al. who used the CH3 band (2942 cm
-1) as a relative internal 
standard for the emulsion polymerisation of vinyl acetate.20 
 
 
Figure 2.17. Raman spectra showing the expanded region between 1500 to 1800 cm-1 for 
the copolymerisation of MAA and BzMA in DPG at 70ºC showing the reduction in 
intensity of bands at 1640 cm-1 and 1717 cm-1 over time. 
 
Chapter II –Characterisation of p(MAA-BzMA) copolymers 
 
60 
 
 
Figure 2.18. Percentage conversion versus time for the copolymerisation of MAA and 
BzMA in DPG at 70°C obtained by following the change in intensity of the 1640 cm-1 
band corresponding to C=C. The upper graph shows the change in conversion when 1640 
cm-1 is compared to 1004 cm-1 and the lower graph shows the result when the 1640 cm-1 
band is used alone. 
 
It can be seen from Figure 2.18a that for the copolymerisation of MAA and BzMA the 
copolymerisation reaches a plateau at 68 minutes, indicating that the reaction had attained 
reached a maximum of 88 % conversion. As the C=C band appeared at the same 
wavenumber for both monomer residues, it was not possible to use this feature to monitor 
the conversion of each monomer separately during copolymerisation. Alternatively, the 
801 cm-1 band corresponding to the C-C bond in MAA and the 1717 cm-1 band 
corresponding to C=O bond in BzMA were monitored. Following the change in the 801 
cm-1 band proved unsuccessful due to overlap of signals from DPG and BzMA. Following 
the conversion of BzMA by examining the change in intensity of the 1717 cm-1 band 
proved more informative, with its conversion versus time plot shown in Figure 2.19. In 
this figure, the conversion for the copolymerisation of BzMA and MAA using the change 
in intensity of the 1640 cm-1 band is shown for comparison. 
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Figure 2.19. Percentage conversion versus time for BzMA during the copolymerisation 
of BzMA and MAA. BzMA conversion was followed by examining the change in intensity 
of the Raman band at 1717 cm-1 corresponding to the C=O ester bond. For comparison, 
the conversion of BzMA and MAA is shown by following the change in intensity of the 
1640 cm-1 band. Both sets of data were expressed relative to the internal band at 1004 
cm-1. 
 
It can be determined from the data detailed in Figure 2.19 that the maximum conversion 
of BzMA during the statistical copolymerisation of MAA and BzMA was 75 %. It was 
assumed that the MAA monomer undergoes 100 % conversion, thus yielding a final 
copolymer comprising 43:57 mol % MAA:BzMA (target mol % was 36:64). The 
calculated values concur with analysis of the 1H NMR spectrum of the final copolymer, 
which showed the copolymer composition to be 43:57 mol % MAA:BzMA. 
Following investigation of the copolymerisation of BzMA and MAA, the 
homopolymerisation of both MAA and BzMA was examined. The kinetic data for the 
homopolymerisation of MAA at 5 wt % in DPG at 70°C is shown in Figure 2.20. It was 
found that the kinetics of MAA could be followed by either observing the change in 
intensity of the Raman shift at 801 cm-1 or 1640 cm-1. The conversion of MAA gave very 
similar results in each case proving that either band can be successfully used to follow 
the conversion of MAA. The conversion of MAA progressively increased to 50 % at 69 
minutes and then increased slightly up to 63 % conversion for the remaining time. The 
extent of conversion was lower than expected with other MAA polymerisations described 
in the literature reaching 90 % conversion within a similar time.24 It has been shown that 
the rate of polymerisation of MAA is dependent on the formation of hydrogen bonds 
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between monomer, polymer, growing radicals and solvent, which could explain why the 
conversion of MAA in DPG is lower than expected.25  
 
Figure 2.20. Conversion of MAA in DPG at 70°C determined by following the change in 
intensity of Raman bands at 801 cm-1 and 1640 cm-1.  
 
The homopolymerisation of BzMA could not be followed by Raman spectroscopy 
because the reaction solution became turbid after ten minutes, which prevented further 
Raman spectra from being obtained.  
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2.3 Summary 
Poly(methacrylic acid-benzyl methacrylate), p(MAA-BzMA) random copolymers were 
successfully prepared in dipropylene glycol (DPG) by free-radical polymerisation under 
batch and semi-batch conditions. The target mol % of monomers compared to the actual 
mol % of monomer incorporated into the final copolymer differed when copolymers were 
prepared under batch conditions. This was explained by the differing reactivity ratios for 
BzMA and MAA as indicated by the linear analysis methods of Kelen-Tudos and 
Finemann-Ross. Kelen-Tudos analysis indicated reactivity ratios of r1(MAA) and 
r2(BzMA) to be 1.03 and 0.66 respectively and Finemann-Ross analysis gave reactivity 
ratios of r1(MAA) and r2(BzMA) of 0.93 and 0.72, respectively. These reactivity ratios 
indicated that the final p(MAA-BzMA) would be a random copolymer with longer blocks 
of MAA. Reactivity ratios calculated from the Kelen-Tudos method were subsequently 
used to calculate the fraction of triads along the copolymer chain and a sequence order 
parameter, χ. The sequence order parameter was approximately 1.1, which indicated a 
random copolymer with a slight tendency to alternate. The Q-e scheme predicted 
reactivity ratios to be 0.94 and 0.99, which would also yield a random copolymer. It was 
speculated that the difference between the reactivity ratios calculated from the Q-e 
scheme and the linear methods were due to the Q-e scheme not accounting for steric 
effects. The increased reactivity of MAA towards other MAA monomers as opposed to a 
BzMA unit was attributed to the effects of the bulky side group. 13C NMR spectroscopy 
was used to calculate the fraction of triads along a p(MAA-BzMA) chain for comparison 
to the triad fractions calculated using reactivity ratios. The carbonyl groups on the MAA 
and BzMA units appeared as a multiplet between 174-182 ppm, indicating that they were 
sensitive to their environment. It was not possible to accurately quantify the fractions of 
triads from splitting occurring between 174-182 ppm as 13C NMR was sensitive to the 
tacticity of monomers in addition to the sequence which resulted in an overlap of 
resonance signals.  Raman spectroscopy was used to follow the kinetics for the batch 
copolymerisation of MAA and BzMA (target 36 mol % MAA) in DPG at 70°C by 
monitoring the change in intensity of the 1640 cm-1 band corresponding to the C=C bond 
present in the monomers. In order to produce a smooth conversion curve, the 1640 cm-1 
band had to be compared to the 1004 cm-1 band corresponding to the C=C bond present 
in the benzene ring of BzMA. A percentage conversion versus time plot was used to 
demonstrate that the copolymerisation of MAA and BzMA reached 88 % conversion after 
68 minutes. The kinetics for the homopolymerisation of MAA was followed using Raman 
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spectroscopy by monitoring the 801 cm-1 and 1640 cm-1 bands, the intensity change of 
each band was self-consistent. The conversion of MAA at 5 wt % solids in DPG reached 
63 % after 300 minutes. The low conversion of MAA could be due to hydrogen bonds 
forming between monomer, polymer, growing radicals and the DPG solvent.  
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CHAPTER III 
Using fluorescence spectroscopy to probe the 
conformation of p(MAA-co-BzMA) copolymers in water  
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3.1 Introduction 
The use of fluorescent labels and time-resolved anisotropy measurements (TRAMS) has 
been widely utilised to explore the conformation of polymers in solution.1,2,3 TRAMS 
uses polarised light to photoselect the fluorescent labels into one specific orientation and 
then monitors the decay of the order by examining the emission from the excited label in 
the planes which lie vertical and horizontal to the polarised light. This results in an 
anisotropy decay curve; by fitting models to these data the correlation time of the 
fluorescent label can be determined and by knowing the correlation time of the label, 
insight into the shape and flexibility of the macromolecule being studied is gained. 
TRAMS is particularly useful because of its high degree of sensitivity, allowing dilute 
solutions of polymers to be monitored.1 It has been described as one of ‘the most powerful 
of all the fluorescence methods used in interrogation of the conformational behaviour of 
polyelectrolytes’.4 As well as being used to monitor the conformation of polymer chains 
in solution, the technique has been used to examine the conformation of polymers at 
interfaces5 and also higher order structures such as micelles.6 Chan et al. used TRAMS to 
study the behaviour of naphthalene-labelled polystyrene-b-poly(methacrylic acid) 
micelles as a function of pH.6 The naphthalene label was positioned at the end of the 
polystyrene block and thus resided inside the micelle core. The TRAMS data showed that 
the correlation time of the naphthalene label remained unchanged with pH, indicating a 
compact micelle core. 
The work described in this chapter relates to TRAMS carried out on p(MAA-ran-BzMA) 
copolymers by incorporating the fluorophore acenaphthylene (ACE) into the copolymer 
backbone. Initially, aqueous solutions of a semi-batch prepared random copolymer of 
ACE-labelled p(MAA36-ran-BzMA64) were examined by studying the change in 
correlation time as a function of pH. Following this, two further semi-batch prepared 
ACE-labelled p(MAA-ran-BzMA) copolymers with BzMA contents of 36 and 55 mol % 
were monitored as a function of pH in order to examine the effect of different amounts of 
hydrophobic units on the correlation time. ACE-labelled p(MAA143-b-BzMAn) diblocks 
were synthesised by RAFT and analysed by TRAMS to probe the structure of the 
diblocks. Finally, TRAMS was employed to look into the effect that dipropylene glycol 
(DPG) has on the conformation of p(MAA36-ran-BzMA64). This was carried out by 
examining the change in correlation time for ACE-labelled p(MAA36-ran-BzMA64)  in 
DPG/H2O solutions where the wt % of DPG was varied from 0 to 100. 
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3.2 Experimental 
 
3.2.1 Materials 
Acenaphthylene (ACE) was purchased from Aldrich and recrystallised from ethanol and 
vacuum-sublimed before use. Ultrapure deionised water was used in all experiments. 
Methacrylic acid (MAA), benzyl methacrylate (BzMA), AIBN, 
trimethylsilyldiazomethane (TMS), 2-cyanoprop-2-yldithiobenzoate (CPDB) and D2O 
was purchased from Aldrich and used as received. Ethanol, tetrahydrofuran (THF), 
hexane, methanol, and diethyl ether were purchased from Fisher and used as received.  
 
3.2.2 Synthesis 
 
3.2.2.1 ACE-labelled poly(methacrylic acid-random-benzyl methacrylate) p(MAA-
ran-BzMA) preparation 36 mol % MAA : 64 mol % BzMA by semi-batch free-radical 
polymerisation. 
The same protocol was used from section 2.1.2.1 in chapter II except this time ACE (1 
wt % based on monomers) was additionally added into the monomer feed line. The final 
ACE-labelled copolymer was precipitated twice from THF into water and finally into 
hexane. Mn and Mw values were determined using a THF GPC equipped with a RI 
detector and Polymer Laboratories PL gel 5 µm Mixed-C columns. The THF eluent 
contained 0.05 wt % BHT and monodisperse polystyrene standards were used for 
calibration. The column was set at 30ºC.  
 
3.2.2.2 ACE-labelled poly(methacrylic acid) (PMAA) 
A glass ampoule with the capacity of 60 ml was charged with MAA (5.0 g, 0.058 mol), 
ACE (0.50 g, 3.29 mmol, 1 wt % based on monomer), AIBN (0.164 g, 1.0 mmol) and 
dioxane (50 ml). The reaction mixture was degassed by the freeze-thaw method three 
times and sealed under a high vacuum. The ampoule was then placed in a water bath at 
60C for 72 h to allow polymerisation to occur. The polymer was purified by precipitation 
into diethyl ether from methanol three times. Mn and Mw values were obtained by GPC 
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equipped with a refractive index detector and UV detector set at 295 nm. The GPC was 
comprised of two 600 mm DVB sulphonated Jordi Gell columns and the eluent was a 
mixture of 0.1 M TRIS, 0.1 M NaCL and 0.01 M sodium azide buffer set at a flow rate 
of 1.0 ml min-1. The UV detector was set at 295 nm as this was the excitation wavelength 
for ACE. The UV chromatogram shows the ACE label to be evenly distributed throughout 
the PMAA backbone (Figure 3.1). The amount of ACE label incorporated into the 
backbone was calculated using UV spectroscopy. 
 
 Mn /g mol-1 Mw/g mol-1 Mz/g mol-1 PDI (Mw/Mn) 
RI detector 323700 665700 882200 2.1 
UV detector (295 nm) 362400 733600 923100 2.0 
 
 
Figure 3.1. Top: GPC data for ACE-labelled PMAA obtained using an aqueous 
sulphonated GPC equipped with an RI and UV detector. Bottom: Chromatograms 
obtained using an RI detector and a UV detector set to 295 nm. 
 
3.2.2.3 Synthesis of poly(methacrylic acid-block-benzyl methacrylate) p(MAA-b-
BzMA) diblocks by Reversible-Addition Fragmentation Chain Transfer (RAFT) 
polymerisation.12   
 
a) Synthesis of ACE-labelled poly(methacrylic acid) macro chain transfer agent 
(CTA) by RAFT.   
The protocol used for the RAFT synthesis of ACE-labelled poly(methacrylic acid) 
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(PMAA) macro-CTA with a target degree of polymerisation (DP) of 220 was as follows. 
MAA (10.00 g, 0.116 mol), CPDB (0.117 g, 5.28 x10-4 mol), AIBN (0.10 mg, 5.27 x10-
5 mol), ACE (0.10 g, 1.0 wt % based on monomer, 6.57 x10-4 mol) and ethanol (30.00 g) 
were added to a round bottom flask along with a magnetic stirrer bar. The solution was 
purged with N2 for 1 h before being immersed into a pre-heated oil bath at 70°C. Aliquots 
(typically 0.20 μl) were periodically extracted for 1H NMR studies of the monomer 
conversion. 1H NMR spectra was recorded in D2O and the signals due to the residual 
vinyl protons of MAA monomer at δ 6.00 and δ 5.56 were compared with the polymer 
backbone protons between δ 0.00-2.40. After 6 h, the polymerisation was terminated by 
exposure to air. 1H NMR indicated a conversion of 65 % (DP=143, Mw=12600 g mol
-1). 
The macro-CTA was precipitated into diethyl ether to remove any un-reacted monomer 
and dried in a vacuum oven at room temperature to give a light pink powder. Steady-state 
spectroscopy and UV spectroscopy confirmed the presence of ACE label in the polymer 
backbone. 
 
b) Synthesis of 2nd pBzMA block 
Diblocks were synthesised using the following molar ratio of reactants: [BzMA]:[pMAA 
macro-CTA]:[AIBN] / [n]:[1]:[0.2] where n was the target DP (50, 100, 143, 200, 300) 
for the BzMA block. A typical RAFT dispersion polymerisation targeting p(MAA143-b-
BzMA143) at 10 wt % solids was as follows: ACE-labelled pMAA143 macro-CTA (0.48 
g, 0.0397 mmol), BzMA (1.0 g, 5.7 mmol), AIBN (1.3 mg, 0.0079 mmol) and ethanol 
(9.0 g) were added to a round bottom flask with a magnetic stirrer bar and purged with 
N2 for 30 minutes and sealed. Polymerisations were conducted at 70°C for 24 h. The 
resulting diblock was analysed by 1H NMR, DLS, GPC and TEM. The 1H NMR spectrum 
was recorded in deuterated DMSO and showed no BzMA monomer peaks confirming the 
reaction had gone to completion. 
 
3.2.2.4 Methylation of PMAA 
For GPC studies, the carboxylic acid groups on the PMAA-based diblock copolymers and 
PMAA143 macro-CTA were methylated using trimethylsilyldiazomethane (TMS), as 
reported by Couvreur et al.7 Methylation was carried out in a well-ventilated fumehood 
by adding two drops of TMS to a solution of the polymer (10 mg) in THF (3 ml) or 1:1 
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MeOH/toluene (3 ml). Once added, the solutions were left to stir overnight until all the 
solvent had evaporated off. 
 
 
3.2.3 Characterisation 
 
3.2.3.1 Steady State 
Steady state data were recorded on a FluoroMax-4 spectrofluorometer. The excitation 
source was a Xenon flash lamp and data were analysed using FluorEssence V3 software. 
ACE-labelled samples were diluted with water to 0.01 wt % and analysed in quartz 
cuvettes by exciting the sample at 290 nm and recording the emission between 330-500 
nm. 
 
3.2.3.2 Time-resolved anisotropy measurements (TRAMS) 
Time-resolved anisotropy measurements were performed on an Edinburgh Instruments 
199 fluorescence time-correlated single photon counter modified with a computer- 
controlled toggling polarizer accessory. The excitation source used was an IBH Nanoled 
operating at a repetition rate of 1 MHz and a wavelength of 295 nm. The emission 
wavelength (340 nm) was isolated using an interference filter. This set-up allowed 
selective excitation and analysis of the ACE fluorescence. Data were analysed using IBH 
software.  
 
3.2.3.3 1H NMR spectroscopy 
All 1H NMR spectra were recorded in either D2O or (CD3)2SO using a 400 MHz Bruker 
Avance-400 spectrometer and analysed using Spinworks 3.1.8 software. 
 
3.2.3.4 UV spectroscopy 
A Specord S 600 spectrophotometer was used for recording spectra from 150 nm to 400 
nm with a slit width of 1 nm.  
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3.2.3.5 Rheology 
Viscosity measurements were carried out using a stress-controlled rheometer, TA AR-
G2. A cone and plate fixture was used to measure viscosity. The cone was inverted with 
a conical angle of 2° and the plate had a diameter of 40 mm. The cone and plate required 
approximately 0.5 ml of sample for each test. Measurements were conducted under steady 
shear flow at 25°C between a shear rate of 1 to 1000 s-1. 
 
3.2.3.6 Dynamic Light Scattering (DLS) 
A Malvern Zetasizer NanoZS instrument was used to obtain the intensity-average 
hydrodynamic diameter of particles via the Stokes-Einstein equation shown below.8                                                     
           D = kT /6πηRH Equation 3.1 
D is the diffusion coefficient, kT is the thermal energy (T is the absolute temperature), η 
is the viscosity of the continuous phase and RH is the hydrodynamic particle radius. The 
p(MAA143-b-BzMAn) diblocks were diluted with water to obtain concentrations of around 
~0.1 wt % and analysed in disposable curvettes. The results were averaged over three 
consecutive runs. The deionised water used in each sample was ultra-filtered through a 
0.20 µm membrane to remove any dust. 
 
3.2.3.7 Transmission Electron Microscopy (TEM) 
TEM studies on the p(MAA143-b-BzMAn) diblocks were carried out on FEI Tecnai G2 
Spirit instrument. Samples were prepared on glow-discharged carbon-coated copper grids 
by spotting a 12 μl solution of 0.1 wt % p(MAA143-b-BzMAn) in water onto the grids for 
1 min and then blotting with tissue paper at the edges. This was followed by negative 
staining with 9 μl uranyl formate solution for 20 seconds followed by drying with a 
vacuum hose. 
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3.3 Results and Discussion 
 
3.3.1 Using time-resolved anisotropy measurements (TRAMS) to probe the 
conformation of ACE-labelled p(MAA-ran-BzMA) copolymers in water. 
In order to investigate the different conformations of p(MAA-ran-BzMA) adsorbed onto 
pigment particles, a fluorescent label was attached to the copolymer backbone. 
Acenaphthylene (ACE) was incorporated into p(MAA-ran-BzMA) copolymers by adding 
1 wt % ACE (based on monomers) into the copolymer synthesis described in section 
2.1.2.1 (see Figure 3.2). 
 
Figure 3.2. Schematic representation of the synthesis of ACE-labelled poly(methacrylic 
acid-benzyl methacrylate), p(MAA-ran-BzMA) in DPG at 70°C using Trigonox 21s as 
initiator. 
 
The final copolymer had an Mn of 46300 g mol
-1, an Mw of 91800 g mol
-1 and a PDI of 2. 
1H NMR showed that the final copolymer contained 36:64 mol % MAA:BzMA. The 
steady-state emission and excitation of the ACE-labelled p(MAA36-ran-BzMA64) is 
shown in Figure 3.3. The ACE label absorbs light at a wavelength of 295 nm and emits 
at a wavelength of 340 nm. The use of ACE to probe the conformation of polymers in 
solution has frequently been employed by Swanson and co-workers, with particular focus 
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on the conformational change of PMAA as a function of pH.2,3 
 
Figure 3.3. Fluorescence excitation and emission spectra of ACE-labelled p(MAA36-ran-
BzMA64)  at  10
-3 wt % in water at 25°C. (λex =295 nm; λem = 340 nm).  
 
The amount of ACE incorporated into the copolymer backbone was determined using UV 
spectroscopy via the Beer-Lambert Law (Equation 3.2),  which states the amount of 
absorbance (A) is given by the product of the concentration of the absorbing species (c), 
the sample thickness (l) and the molar  absorption coefficient (). 
 A = εlc Equation 3.2 
The molar absorption coefficient was determined using a calibration curve constructed 
by measuring the UV absorption spectra of varying molar concentrations of acenaphthene 
in methanol (see Figure 3.4).  
 
Figure 3.4. UV absorbance spectra for acenaphthene in methanol at various molar 
concentrations at 298 K.  
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Acenaphthene was used because its chemical structure is analogous to that of 
acenaphthylene once it has been polymerised into the polymer backbone. The maximum 
absorbance at 295 nm was then plotted against concentration. To this data set a straight 
line was fitted and the gradient was incorporated into the Beer-Lambert law. The 
concentration of ACE could then be calculated using the calibration curve shown in 
Figure 3.5. Using this method it was calculated that 0.98 mol % of ACE was incorporated 
into p(MAA36-ran-BzMA64), which is sufficiently low so that the label should not affect 
the polymer properties. 
 
Figure 3.5. Calibration curve for varying concentrations of acenaphthene in methanol at 
298 K. The maximum absorbance reading was taken at 295 nm. 
 
ACE was chosen to probe the conformation of p(MAA36-ran-BzMA64) at the solid-liquid 
interface because its motion reflects that of the copolymer backbone.9 Time-resolved 
anisotropy measurements (TRAMS) were used to detect this motion. Firstly, the 
conformation of p(MAA36-ran-BzMA64) in water was investigated by TRAMS between 
pH 5.6 and pH 11.8 (below pH 5, the copolymer precipitated out of solution). Figure 3.6 
shows the aqueous electrophoresis data obtained for ACE-labelled p(MAA36-ran-
BzMA64), which displays negative zeta potentials between pH 6.3-10.5. The pH at which 
p(MAA36-ran-BzMA64) precipitates out of water can be identified as it corresponds to a 
dramatic increase in mean diameter. Figure 3.7 and Figure 3.8 displays the TRAMS data 
for p(MAA36-ran-BzMA64) in water at pH 9.5. Figure 3.7 displays the orthogonal 
components of intensity analysed parallel, (IVV), and perpendicular, (IVH), to the plane of 
vertically-polarized excitation and was transformed according to equation 3.3 into the 
observed anisotropy, r.10  
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Figure 3.6. Variation of zeta potential and mean diameter with pH for ACE-labelled 
p(MAA36-BzMA64). 
 
 
r =
IVV − IVH
IVV + 2IVH
 
Equation. 3.3 
 
Figure 3.7. Parallel and perpendicular fluorescence components of the time-dependent 
anisotropy of ACE-labelled p(MAA36-ran-BzMA64) (10
-3 wt %) in water at 298 K and pH 
9.5. 
 
The graph in Figure 3.8 displays direct analysis of the raw anisotropy data by fitting the 
anisotropy, r, (data points) to a single exponential decay model (solid line).10 This model 
Chapter III-Fluorescence spectroscopy of p(MAA-co-BzMA) copolymers 
78 
 
is shown in equation 3.4, where r0 is the intrinsic anisotropy for the individual 
chromophore and Ʈc is the correlation time. The estimated correlation time, Ʈc, at pH 9.5 
was calculated to be 24 ns. The fit was deemed good in this case, as judged by the value 
of χ2 being close to 1.0 and the randomly distributed residuals. The generally accepted 
upper limit for χ2 is 1.3 for single exponential models.1 
 
 r(t) =  r0 exp (−t/Ʈc) Equation 3.4 
 
 
 
Figure 3.8. Direct analysis of anisotropy data for ACE-labelled p(MAA36-ran-BzMA64) 
(10-3 wt %) in water at 298 K and pH 9.5. A single exponential fit to r(t) has been applied 
to fit the data.  χ2 =1.03 and Ʈc= 24 x 10-9 seconds. The residuals are also shown.  
 
The Ʈc values obtained for p(MAA36-ran-BzMA64) at varying pH are shown in Table 1 
and Figure 3.9. All Ʈc values were calculated using the single exponential decay model. 
For comparison, the behaviour of ACE-labelled PMAA in water as a function of pH is 
also shown. PMAA exhibits a conformational change between pH 4 and 6 going from a 
coiled structure to a water-swollen chain. This conformation change was similar to that 
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observed by Swanson and Soutar,1 who also studied the conformation of PMAA as a 
function of pH using TRAMS. For PMAA, a high Ʈc is obtained below pH 4 due to the 
coiled chains restricting the motion of the ACE label and a low Ʈc is obtained above pH 
6 due to ionised carboxylate groups repelling one another to give a more open chain, 
allowing the ACE labels to rotate more freely. From Figure 3.9 and Table 3.1 it can be 
seen that, between pH 5.6 and 7.3, the correlation times for p(MAA36-ran-BzMA64)  are 
higher than the correlation times for PMAA, indicating that p(MAA36-ran-BzMA64) is in 
a more coiled conformation. The p(MAA36-ran-BzMA64) copolymer is more coiled than 
PMAA between pH 5.6-7.3 because the hydrophobic BzMA segments cluster together to 
minimize contact with water. These hydrophobic domains lead to p(MAA36-ran-BzMA64) 
being unable to unfold completely due to repulsion between the deprotonated carboxylate 
groups leading to a higher Ʈc. 
 
 
Figure 3.9. Correlation time, Ʈc vs. pH for ACE-labelled p(MAA36-ran-BzMA64) (10-3 wt 
%) in water at 298 K and ACE-labelled PMAA. The pH was adjusted with either 0.2 M 
HCl or 0.2 M NaOH. All correlation times were calculated from direct analysis of the 
raw anisotropy data using a single exponential decay model of the form: r(t)=r0 exp (-
t/Ʈc). 
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Correlation time (Ʈc) /ns pH S.D /ns 2
        
51 5.6 5.4 1.1 
40 6.7 6.1 1.1 
24 7.3 1.2 1.2 
23 8.5 1.1 1.2 
24 9.5 1.4 1.0 
18 11.1 0.9 1.2 
18 11.8 0.9 1.3 
 
Table 3.1. Correlation times, Ʈc for ACE-labelled p(MAA36-ran-BzMA64) at varying pH 
via the fitting of a single exponential function model function for r(t). 
 
To further explore the effects of hydrophobic BzMA units on the expansion of p(MAA-
ran-BzMA), two more copolymers were synthesised by the semi-batch method with 45 
and 64 mol % of MAA. The TRAMS data on these copolymers at different pH is reported 
in Figure 3.10. This figure shows that, as the amount of MAA increases, the correlation 
times decrease between pH 8 and 11, indicating that the p(MAA-ran-BzMA) copolymers 
are able to expand into a more open conformation. The transition at which the p(MAA-
ran-BzMA) copolymers switch from a coiled to a more expanded state shifts to ~pH 7 
compared to pH 5 for PMAA homopolymer. The shifted transition is due to the higher 
degree of ionisation required to expand the copolymer and pull the BzMA hydrophobic 
domains apart. It was noted that increasing the BzMA content from 36 to 64 mol % did 
not further shift the transition to a higher pH, instead it remained at pH 7. Due to the 
transition occurring at a physiological pH of around 7, it was speculated that the p(MAA-
ran-BzMA) copolymers could have a potential use as drug delivery polymers in the 
human body, whereby the hydrophobic domains could solubilise organic molecules. This 
could be tested in the future by utilising an environmentally sensitive probe such as 
pyrene, which can be used to detect the formation of hydrophobic domains.11 
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Figure 3.10. Correlation time, Ʈc vs. pH for ACE-labelled p(MAA-ran-BzMA) 
copolymers (10-3 wt %) in water at 298 K. The effect of changing the mol % of MAA 
incorporated into the copolymer on correlation time is shown. The pH was adjusted with 
either 0.2 M HCl or 0.2 M NaOH. All correlation data were calculated from direct 
analysis of the raw anisotropy data using a single exponential decay model of the form; 
r(t)= r0 exp(-t/Ʈc). In red, correlation times for PMAA at different pH is shown for 
comparison. Lines have been drawn for clarity and do not reflect the exact data. 
 
This study on the conformation of p(MAA-ran-BzMA) copolymers can be compared to 
the work carried out by Ebdon et al., who studied poly(styrene-acrylic acid) (Sty-AA) and 
poly(methyl methacrylate-acrylic acid) (MMA-AA) copolymers in aqueous media as a 
function of pH using anisotropy measurements.4 Ebdon et al. reported that, when either 
MMA or Sty was incorporated into the AA chain, the critical pH for the conformational 
transition from the acidic to neutralised copolymer to occur broadened and shifted to a 
higher pH, which is analogous to the p(MAA-ran-BzMA) copolymers studied in this 
research project. The shift in transition was due to the hydrophobic domains formed by 
MMA or Sty restricting the unfolding of the copolymer at higher pH.  It was also found 
that incorporating more hydrophobic units led to a higher Ʈc.  
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3.3.2 Using time-resolved anisotropy measurements (TRAMS) to probe the 
conformation of ACE-labelled p(MAA-b-BzMA) diblock copolymers in water. 
 
3.3.2.1 Synthesis of ACE-labelled p(MAA-b-BzMA) diblock copolymers 
The p(MAA-b-BzMA) diblock copolymers were synthesised by reversible addition-
fragmentation chain transfer (RAFT) polymerisation. The protocol used to synthesise the 
diblocks was based on the synthesis used by Semsarilar et al.12 but it was modified slightly 
by the incorporation of an ACE label into the PMAA block. The PMAA macro-chain 
transfer agent (CTA) was synthesised with 1 wt % ACE label (based on monomer) 
incorporated into its backbone (see Figure 3.11). 
 
Figure 3.11. Schematic representation showing the synthesis of PMAA macro-CTA by 
reversible addition fragmentation transfer (RAFT) polymerisation at 70°C in ethanol at 
25 w/v % with 1 wt % of ACE incorporated (based on monomer content). 
 
To confirm that the ACE label was successfully incorporated into the PMAA macro-CTA 
polymer backbone, UV and steady-state spectroscopy were conducted on the purified 
macro-CTA. The emission at 340 nm proved that the ACE label was present in the PMAA 
backbone. By application of the Beer-Lambert law, it was determined that 1.85 mol % of 
ACE was incorporated into the PMAA backbone (see Figure 3.13). 
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Figure 3.12. Fluorescence excitation and emission spectra of PMAA143-ACE macro-
CTA (1 wt % ACE label incorporated based on monomer) at 10-3 wt % in methanol at 
25C. (ex =295 nm; em = 340 nm).  
 
 
Figure 3.13. Left) UV calibration curve for increasing concentrations of acenaphthene 
in methanol. Right) UV absorption spectrum for PMAA-ACE macro-CTA (10-3 wt %) in 
methanol. 
 
The DP of the PMAA macro-CTA was found to be 143 by comparing the integrated 
intensity signal from the MAA monomer peaks with the methacrylic polymer backbone 
at 0.1-2.5 ppm by 1H NMR in D2O. Conventionally, the mean DP is calculated by 
comparing the integrated intensity signal from the aromatic protons from the RAFT chain 
end with the methacrylic acid polymer backbone. It was not possible to calculate the mean 
DP via the conventional method, as the ACE label had aromatic protons that appeared in 
the same ppm range as the RAFT agent. GPC shows that the ACE-labelled PMAA143 
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macro-CTA was obtained with a Mn of 22300 g mol
-1 and a high polydispersity (PDI) of 
1.9 (see Figure 3.14). The high polydispersity of the ACE-labelled PMAA143 macro-CTA 
block is uncharacteristic of RAFT and was assumed to be due to the presence of ACE; to 
clarify this assumption GPC analysis was also carried out on a PMAA macro-CTA with 
no ACE label present synthesised under the same conditions (see Figure 3.14). The GPC 
shows that in the absence of ACE, the PMAA macro-CTA was obtained at a much lower 
PDI, supporting the hypothesis that the presence of ACE led to a higher polydispersity. 
 
Figure 3.14. THF gel permeation chromatograms obtained for ACE-labelled PMAA143 
macro-CTA and PMAA macro-CTA synthesised via RAFT polymerisation at 70°C and 25 
wt  % solids. 
 
To understand how the presence of ACE led to the high PDI of the PMAA143 macro-CTA, 
a paper by Matyjaszewski13 was found that outlines the requirements for ensuring 
polymers are obtained with a low polydispersity. These are: 
1) Rate of initiation is similar to the rate of propagation. 
2) The terminal ends on active chains are equally inclined to reaction with monomer. 
3) There is negligible chain transfer or termination. 
4) Rate of depropagation is substantially lower than propagation. 
5) The system is homogeneous and mixed fast. 
If all five requirements are met, a polymer with a narrow molecular weight and a Poisson 
distribution will be obtained. The chromatogram of ACE-labelled PMAA143 macro-CTA 
deviated dramatically from a Poisson distribution and it is speculated that it is due to a 
failure to meet requirement 2 caused by chains ending with ACE label being more or less 
reactive towards MAA. To explore this further, the kinetics for the RAFT synthesis of 
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PMAA macro-CTA with and without 1 wt % ACE label was followed at 25 wt % in 
ethanol at 70°C to examine if ACE had an effect on conversion (see Figure 4.15).  By 
examining Figure 4.15, it can be seen that the polymerisation of MAA in the presence of 
ACE proceeded at a slightly faster rate (reaching 80 % conversion in 6 h) while the 
polymerisation of PMAA without ACE only reached 72 % conversion. The difference in 
conversion between the polymerisations is an indication that requirement two was not 
fulfilled.  
 
Figure 4.15. Conversion vs. time curves for the RAFT synthesis of PMAA macro-CTA 
with and without 1 wt % ACE label based on monomer at 25 wt % solids at 70°C in 
ethanol. 
 
After purification, the PMAA143-ACE macro-CTA was used for in situ RAFT alcoholic 
dispersion polymerisation of BzMA to produce a series of PMAA143-BzMAn diblock 
copolymers at 10 w/v % solids. (see Table 3.2).  GPC studies of the diblocks showed that 
they were obtained with good blocking efficiencies but with relatively high 
polydispersities for a living polymerisation (see Figure 3.16). It was speculated that this 
was due to the high polydispersity (1.9) of the PMAA143-ACE macro-CTA block. As no 
monomer peaks were present in the 1H NMR spectra of the p(MAA143-BzMAn) diblocks, 
it was assumed that the reaction achieved 100 % completion and the targeted BzMA DP 
was the final BzMA DP.  
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Name Target Dp of 
PMAA block 
Actual Dp of 
PMAA blocka 
Dp of pBzMA 
blocka 
Mnb (g mol-1) PDI 
(Mw/Mn)b 
AWR14 174 143 50 75100 1.7 
AWR15 174 143 100 95400 1.8 
AWR13 174 143 143 129000 1.7 
AWR16 174 143 200 143200 1.8 
AWR17 174 143 300 190100 2.2 
Table 3.2. Summary data for p(MAA143-b-BzMAn) diblocks synthesised by RAFT in 
ethanol at 70°C at 10 w/v % solids. aDetermined by 1H NMR spectroscopy bMn and Mw/Mn 
values were determined by THF GPC against PS standards. 
 
 
Figure 3.16. THF gel permeation chromatograms obtained for a series of five p(MAA143-
b-BzMAn) diblock copolymers synthesised by RAFT dispersion polymerisation in ethanol 
at 10 w/v % solids. Also shown is the corresponding PMAA143 macro-CTA synthesised 
via RAFT solution polymerisation in ethanol at 70°C and 25 w/v % solids. 
 
It was found that these amphiphilic diblocks self-assembled into micelles during 
polymerisation whereby pBzMA formed the core and pMAA formed the corona.12 This 
Chapter III-Fluorescence spectroscopy of p(MAA-co-BzMA) copolymers 
87 
 
process of self-assembly is known as polymerisation-induced self-assembly (PISA) and 
has been extensively researched by the Armes group who have worked on numerous 
diblock systems to give self-assembled structures such as micelles, vesicles and 
worms.14,15 Figure 3.17 shows TEM images of the self-assembled micelles from the 
diblocks listed in Table 3.2. In Semsarilar’s paper,12 the diblock that self-assembled into 
micelles was p(MAA67-b-BzMA50) and had a PDI of 1.19, whereas the p(MAA143-b-
BzMAn) diblocks synthesised in Table 3.2 have PDIs ranging from 1.67-2.16. This shows 
that even when the polydispersity of the diblocks is high, self-assembled structures still 
form showing that low polydispersity is not essential for the production of micelles. This 
has been shown previously by Adams et al., who produced poly(ethylene oxide)-block-
poly(N,N-diethylaminoethyl methacrylate) diblocks with PDIs between 1.36-1.96.16 It 
was found that a high PDI had no effect on the self-assembly of diblocks into micelles, 
worms or vesicles in solution.  
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Figure 3.17. TEM images of the diblock copolymer particles prepared by RAFT dispersion polymerisation (at >99 % conversion and 10 w/v %) 
for a series of five p(MAA143-b-BzMAn ) block copolymers. The TEM samples were obtained by diluting the 10 w/v % reaction mixture with water 
to 0.1 w/v %. This gave the diblock solutions a final pH of 4.5. 
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TEM was used to show that the p(MAA143-b-BzMAn) diblocks listed in Table 3.2 
remained as micelles during a pH change from 4.5 to 11 (see Figure 3.18).  Battaglia et 
al17 synthesised polybutadiene-poly(methacrylic acid), p(Bd24-MAA10) block copolymers 
using sequential anionic polymerisation of butadiene and t-butyl methacrylate. The 
poly(t-butyl methacrylate) was hydrolysed to polymethacrylic acid by refluxing with HCl 
in dioxane. Battaglia et al. used TEM to show that the morphologies of the diblocks in 
aqueous solution could be varied as a function of pH. At a low pH, vesicles would form 
and, as the pH increased, the vesicles became smaller to eventually transform into worm-
like micelles and then eventually form micelles at pH 10. The transformation from 
vesicles to micelles was driven by increasing repulsion between PMAA chains as the 
degree of ionisation increased. The inability of p(MAA143-b-BzMAn) diblocks to undergo 
a morphology transition with varying pH could be attributed to the p(MAA143-b-BzMAn) 
diblocks having a higher molecular weight and polydispersity, which may prevent the 
morphology transition.  
 
Figure 3.18. TEM images of p(MAA143-b-BzMA100) (top row) and p(MAA143-b-BzMA50) 
(bottom row) at 0.1 w/v % in water at pH 4.5 and 11.   
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Examination of the DLS data for the diblocks at pH 4.3 and 12 revealed that the micelles 
increased in diameter at higher pH. This was unsurprising as it is known that the PMAA 
chains in the corona should be extended due to Coulombic repulsion between the 
deprotonated acid groups at high pH. Also, as expected, it was observed that, as the DP 
of the hydrophobic block increased, the hydrodynamic radius increased due to the BzMA 
core becoming larger. 
 
Sample name DP of ACE-labelled 
pMAA block 
DP of pBzMA 
block 
DLS diameter /nm 
(PDI) at pH 4.3 
DLS diameter /nm (PDI) 
at pH 12 
AWR14 143 50 95 ± 0.8 (0.097) 168 ± 4.0 (0.037) 
AWR15 143 100 111 ± 2.2 (0.070) 171 ± 0.9 (0.018) 
AWR13 143 143 121 ± 1.2 (0.043) 177 ± 1.9 (0.043) 
AWR16 143 200 159 ± 2.4 (0.021) 209 ± 2.0 (0.020) 
AWR17 143 300 185 ± 3.3 (0.017) 243 ± 2.6 (0.075) 
Table 3.3. Summary of particle size data obtained for p(MAA143-b-BzMAn) diblocks 
prepared by RAFT dispersion polymerisation at 70°C in ethanol. Samples were run at 
0.1 wt % in filtered deionised water at pH 4.3 and 12. 
 
3.3.2.2 TRAMS of ACE-labelled p(MAA143-b-BzMAn) diblocks 
Due to the presence of the ACE label in the PMAA block in the p(MAA143-b-BzMAn) 
diblocks TRAMS and steady state-fluorescence spectroscopy were considered to be a 
useful technique for the study of the structure of the micelles. It was presumed that the 
ACE label could be located at any point along the PMAA chain, such as the core/corona 
interface, the corona/aqueous interface or at the centre of the corona. Steady-state 
spectroscopy was carried out on the micelles at 0.1 w/v % in water at pH 4.5 and 11.  The 
maximum intensity seen at 335 nm due to emission from the ACE label was plotted 
against the DP of BzMA (see Figure 3.19). At pH 11, the steady-state intensity of the 
diblocks was higher than the intensity obtained at pH 4.5. This higher intensity at pH 11 
could be due to the ACE label being more ‘exposed’ due to charged PMAA chains 
stretching out. It was also observed that the maximum intensity increased with increasing 
DP of the pBzMA block. However, as the concentration of ACE label in each diblock 
solution can differ, giving a different maximum intensity, no conclusion could be drawn 
from this data. 
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Figure 3.19. Maximum intensity of emission at 335 nm from the steady-state emission 
spectra obtained for p(MAA143-b-BzMAn) diblocks (0.1 w/v  % in water) at pH 4.5 and 11.   
 
TRAMS measurements were also performed on 0.1 w/v % aqueous solutions at pH 4.5 
and 12. The data were fitted with a single exponential fit and the corresponding Ʈc values 
are shown in Table 3.4. It was not possible to conduct TRAMS measurements on samples 
AWR16 and AWR17 due to the TRAMS instrument being decommissioned before the 
project was completed. It can be seen from Table 3.4 that the correlation time decreased 
with increasing pH, which was expected because the PMAA corona chains stretch out at 
a high pH due to repulsion between the chains (see Figure 3.20). The higher Ʈc values at 
pH 4.5 suggest that the ACE labels attached to the PMAA chains are in a more restricted 
environment but can still move relatively freely, suggesting the PMAA chains in the 
corona are not coiled up tightly but just slightly retracted. The inability of the PMAA 
chains to coil up tightly could be attributed to steric hindrance at the corona. There seems 
to be no correlation between Ʈc and the DP of the pBzMA block, but due to limited 
TRAMS data collected on the diblocks, no strong conclusions could be drawn about the 
structure of the micelles; further investigation would be required. 
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Sample 
name 
Dp of ACE-labelled PMAA block Dp of PBzMA block Ʈc /ns at pH 
4.5 
FIT 1 
2 Ʈc /ns pH 
12 
FIT 1 
2 
AWR14 143 50 7.1 ± 1.6 1.4 2.5 ± 0.3 1.3 
AWR15 143 100 8.6 ± 4.1 1.2 2.4 ± 0.5 1.1 
AWR13 143 143 4.5 ± 0.7 1.6 2.2 ± 0.1 1.3 
Table 3.4. Summary of TRAMS data obtained for p(MAA143-b-BzMAn) diblocks prepared 
by RAFT at 70°C in ethanol whereby the PMAA block was ACE labelled. All samples 
were run at 0.1 w/v % in ultrapure water and the pH was changed with either 0.2 M HCl 
or 0.2 M NaOH. 
 
 
Figure 3.20. Schematic representation showing the retraction and stretching of PMAA 
chains in the micelle corona at different pH. 
 
3.3.3 Using TRAMS to explore the adsorption of random copolymers and diblock 
copolymers of methacrylic acid and benzyl methacrylate onto colloid particles. 
 
In order to gain insight into the conformation of polymeric dispersants on pigment 
particles, the conformation of p(MAA-ran-BzMA) copolymers adsorbed onto colloid 
particles can be investigated using TRAMS. Due to the decommissioning of the TRAMS 
instrument, it was not possible to obtain measurements to examine the change in 
correlation time when either the ACE-labelled random copolymer p(MAA36-ran-
BzMA64) or ACE-labelled p(MAA143-BzMAn) diblocks were adsorbed onto colloid 
particles. It was speculated that if the TRAMS measurements were carried out a large 
increase in Ʈc would occur upon adsorption and a double exponential function would be 
needed to fit the anisotropy data due to the ACE label being located in loop and train 
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segments. It is difficult to predict what conclusions could be drawn from TRAMS data 
for the adsorption of p(MAA143-b-BzMAn) micelles as there is uncertainty regarding the 
TRAMS data obtained for the non-adsorbed micelles.  
 
3.3.4 Effect of dipropylene glycol on the correlation time of the feed-prepared 
random copolymer p(MAA36-ran-BzMA64) 
Often used in the formulation of inkjet printing inks is a solvent called dipropylene glycol 
(DPG). DPG was introduced in Chapter II where it was used as a solvent for the free-
radical copolymerisation of MAA and BzMA. DPG is a desirable solvent in industry as 
it is not toxic and has a high boiling point. It was noted that, during mixing of water and 
DPG, the temperature of the system increased by approximately 5°C. It has been reported 
that DPG is slightly hygroscopic18 (holds onto water molecules) and it was speculated 
that the interaction between the water and DPG resulted in an elevation in temperature. 
The interaction of DPG with p(MAA36-ran-BzMA64) was explored by performing 
TRAMS on 0.1 wt % p(MAA36-ran-BzMA64) in various ratios of DPG and H2O. The data 
were fitted using a single exponential fit and is shown as a function of DPG wt % in Table 
3.1 and Figure 3.21.  
 
  FIT1  
I.D DPG wt % Ʈc /ns S.D χ2 pH 
aw068 100 33 3.5 1.3 9.6 
aw077 90 35 3.8 1.3 9.4 
aw076 80 35 2.3 1.2 9.6 
aw069 70 34 1.8 1.3 9.1 
aw070 50 28 2.2 4.7 9.2 
aw071 40 27 1.1 1.8 9.3 
aw072 30 26 1.6 1.3 8.9 
aw073 20 22 0.1 1.4 9.1 
aw074 10 23 1.2 1.2 8.9 
aw075 0 28 1.0 1.4 9.2 
 
Table 3.1. Correlation times for 0.1 wt % ACE-labelled p(MAA34-ran-BzMA64) obtained 
via TRAMS in different ratios of water and dipropylene glycol (DPG). The pH was 
unaltered. 
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Figure 3.21 displays Ʈc as a function of DPG wt %. At 20 wt % DPG, Ʈc is at its lowest 
value at 22 ns and then steadily increases with increasing DPG content up to 35 ns. The 
increase in correlation time with increasing DPG concentration could simply be due to 
the overall greater solution viscosity, which would lead to slower rotation of p(MAA36-
ran-BzMA64) and hence a higher Ʈc. Viscosity measurements on the same samples that 
were analysed by TRAMS were carried out to test this hypothesis. It was found that 
viscosity did indeed increase with increasing DPG content (see Figure 3.22). However, 
Raman studies described in Chapter 2 show that DPG hydrogen bonds with methacrylic 
acid. Thus the increasing Ʈc values could be attributed to the DPG molecules forming 
hydrogen bonds with the MAA groups in p(MAA36-ran-BzMA64), leading to the chain 
being held in a more rigid conformation and giving a slower decay in anisotropy.  
 
 
Figure 3.21. Correlation times for ACE-labelled p(MAA36-ran-BzMA64) (0.1 wt %) in 
different mixtures of DPG and water. All correlation times were calculated from direct 
analysis of the raw anisotropy data using a single exponential decay model of the form: 
r(t) =r0 exp (-t/Ʈc). 
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Figure 3.22. Viscosity vs DPG wt % for ACE-labelled p(MAA36-ran-BzMA64) (0.1 wt %) 
in different mixtures of water and DPG.  
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3.4 Summary 
The ACE-labelled p(MAA36-ran-BzMA64) copolymer was successfully prepared using 
semi-batch, free-radical polymerisation. Steady-state fluorescence and UV spectroscopy 
confirmed the presence of ACE label in the copolymer backbone at 0.98 mol %. TRAMS 
performed on p(MAA36-ran-BzMA64) in water as a function of pH using a single 
exponential decay model to extract Ʈc values showed that p(MAA36-ran-BzMA64) 
undergoes a conformation change at pH~7. Below pH 7, p(MAA36-ran-BzMA64) is 
coiled, while above pH 7 it adopts a more open structure due to repulsion between 
deprotonated acid groups. p(MAA36-ran-BzMA64) cannot fully uncoil like PMAA 
between pH 8-11 due to the hydrophobic BzMA units clustering together to minimise its 
interaction with water.   The conformation change of PMAA from a coiled to water-
swollen chain occurs at pH 5-6, showing that the incorporation of BzMA groups in 
p(MAA36-ran-BzMA64) restricts the unfolding of the copolymer and requires a higher 
degree of ionisation to induce a conformation switch. Two further semi-batch synthesis 
of ACE-labelled p(MAA-ran-BzMA) copolymers containing 45 and 64 mol % MAA 
were synthesised to explore the effect of the amount of hydrophobic units on Ʈc. It was 
shown that, as more BzMA units were present in the copolymer backbone, the less the 
copolymer could unfold between pH 8-11. This was due to the Coulombic repulsion 
between the neutralised PMAA groups not being sufficient to break apart the hydrophobic 
domains formed by the BzMA units.  
ACE-labelled p(MAA143-b-BzMAn) diblocks were synthesised using RAFT alcoholic 
dispersion polymerisation based on the protocol reported by Semsarilar et al.12 The ACE-
label was incorporated in the PMAA block and was found to increase the PDI of the 
PMAA macro-CTA as shown by GPC (when compared to a PMAA macro-CTA with no 
ACE present). TEM studies showed the p(MAA143-b-BzMAn) diblocks existed as 
micelles in water and remained intact with a pH change from 4.5 to 11. DLS studies 
showed that the micelles increased in diameter from pH 4.5 to pH 11 due to coulombic 
repulsion between the PMAA chains in the corona. TRAMS on the diblocks p(MAA143-
b-BzMAn) (n=50, 100, 143) at pH 4.5 and 12 showed that a lower Ʈc was obtained at pH 
12, indicating that the ACE label was in a less restricted environment. This was attributed 
to be the result of expansion of the PMAA chains, which was supported by the DLS data. 
TRAMS exploring the conformation of p(MAA36-ran-BzMA64) in DPG/water mixtures 
revealed that the Ʈc increased with increasing DPG content. It was speculated that this 
occurred for two reasons: (i) the DPG molecules were hydrogen bonding to p(MAA36-
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ran-BzMA64) leading to the copolymer chain being held rigid and (ii) the viscosity 
increased with increasing DPG content leading to slower rotation of p(MAA36-ran-
BzMA64) and hence a slower anisotropy decay. 
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4.0 Introduction 
 
Polymers are frequently used in industry as dispersants to produce stable dispersions for 
the use in a range of products including pharmaceuticals, cosmetics and paints.1 
Polymeric dispersants stabilise particles via either electrostatic, steric or electrosteric 
stabilisation by adsorbing onto the particle surface by physisorption or chemisorption.  
Stable dispersions can be prepared either by condensation or dispersion. The 
condensation method relies on the process of nucleation to build up particles, as seen in 
the formation of polystyrene by aqueous emulsion polymerisation of styrene in the 
presence of a polymeric stabiliser.2 The dispersion method, which is the method 
employed by ink-jet ink manufacturers, involves the mixing of pre-formed pigment 
particles with an aqueous solution of polymeric stabiliser to give a final dispersion with 
the desired properties (particle size, viscosity) (see Figure 4.1). To create the stable 
dispersion and prevent re-aggregation of pigment, the dispersant must be able to firmly 
attach to the particle surface at a high level of adsorption so that a thick dispersant layer 
is obtained.3 
 
Figure 4.1. Schematic representation showing the formation of stable pigment 
dispersions using a polymeric dispersant. 
 
Random copolymers are commonly used as polymeric dispersants as they can be 
synthesised with relative ease. Random copolymer dispersants are produced by the free-
radical polymerisation of two or more different types of monomer: one monomer with a 
high affinity for the pigment surface and another that will provide steric, electrostatic or 
electrosteric stabilisation. Alternatively, diblocks can be used as dispersants but these are 
more challenging and time-consuming to prepare, requiring synthesis via polymerisation 
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methods such as anionic or RAFT polymerisation. This is not always viable in a 
commercial environment and as such diblocks are rarely used as polymeric dispersants in 
industry.  
The work described in Chapter Four focuses on the examination of the properties of 
pigment dispersions stabilised using p(MAA-co-BzMA) copolymers. Adsorption 
isotherms for the adsorption of semi-batch-prepared p(MAA39-ran-BzMA61) on black, 
yellow, cyan and magenta pigments in water were constructed using the depletion 
method. The effect of changing the loading of p(MAA39-ran-BzMA61) dispersant on 
pigment particles was examined by DLS, TGA, rheology and sedimentation experiments. 
IR spectroscopy was used to analyse any interactions occurring between adsorbed 
polymer and the surface of pigments. Use of analytical centrifugation allowed for a 
comparison of adsorption efficiency between p(MAA-b-BzMA) diblocks and the random 
copolymer p(MAA39-ran-BzMA61). 
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4.1 Experimental 
 
4.1.1 Materials  
Carbon black, magenta, cyan and yellow pigments were provided by Fujifilm Imaging 
colorants. Potassium hydroxide was purchased from Aldrich and used as received. 
Deionised water was used in all experiments. Two polymeric dispersants have been used 
in this chapter: 
(i) The random copolymer p(MAA39-ran-BzMA61) prepared by semi-batch free-
radical polymerisation (see section 2.1.2) Mw= 86200 g mol
-1, Mn=47800 g mol
-
1, PDI=1.8. 
(ii) p(MAA143-b-BzMA300) diblock prepared by alcoholic dispersion RAFT 
polymerisation (see section 3.2.2.3) Mw=410000 g mol
-1, Mn=190000 g mol
-1, 
PDI=2.2. 
 
4.1.2 Adsorption Isotherm construction 
Adsorption isotherms were constructed using the depletion method whereby un-adsorbed 
polymeric dispersant is separated by centrifuge and quantified to calculate the amount of 
adsorbed polymeric dispersant on the surface. The polymeric dispersant used was semi-
batch-prepared p(MAA39-ran-BzMA61) and the surface for adsorption was either black, 
cyan, magenta or yellow pigment. The following protocol was used to prepare the 
adsorption isotherm. Neutralised solutions of p(MAA39-ran-BzMA61) were made by 
dissolving precipitated p(MAA39-ran-BzMA61) in aqueous KOH with stirring and heating 
at 80°C so that 100 % of the MAA groups were ionised. These solutions were added to 
the desired quantity of pigment and mixed using a Soniprep 150 Sanyo sonic probe at 10 
µm for 1 h. After sonication, the dispersion was centrifuged at 12,000 rpm for 3 h and the 
supernatant was separated and analysed by UV spectroscopy to determine the 
concentration of un-adsorbed dispersant. The adsorbed amount per unit area, Γ (mg m-2), 
was calculated using equation 4.1, by dividing the difference between the initial 
concentration of polymeric dispersant (Ci) and the concentration in the supernatant (Ceq) 
by the total surface area of the particles, A. The isotherm was repeated three times to get 
an average. 
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Γ(mg m−2) =
Ci(mg) − Ceq(mg)
A (m2)
 
Equation 4.1 
 
A UV calibration plot was determined for p(MAA39-ran-BzMA61) to calculate the 
concentration of dispersant remaining in the supernatant. A UV calibration curve was 
obtained by plotting concentration of dispersant versus absorbance at 258 nm due to the 
aromatic ring on the BzMA residue (Figure 4.2). Figure 4.3 displays the UV calibration 
curve for semi-batch prepared p(MAA39-ran-BzMA61). 
 
Figure 4.2. UV absorption curve for 0.1 w/w % p(MAA39-ran-BzMA61) in water. The 
absorbance at 258 nm is from the aromatic group of the BzMA repeat units. 
 
Figure 4.3. UV calibration curve for varying concentrations of p(MAA39-ran-BzMA61) in 
water at 298 K. The absorbance reading was taken at 258 nm. 
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4.1.3 Characterisation 
 
4.1.3.1 UV spectroscopy 
A Specord S 600 spectrophotometer was used for recording spectra from 150 nm to 400 
nm with a slit width of 1 nm. Samples were recorded in sample cells with a path length 
of 1 cm. 
 
4.1.3.2 Dynamic Light Scattering (DLS) 
Intensity-average hydrodynamic diameter measurements of pigment dispersions were 
carried out using a Malvern Zetasizer NanoZS instrument. Pigment dispersions were 
diluted with water to obtain carbon black concentrations of ~0.1 w/w % and analysed in 
disposable curvettes. The results were averaged over three consecutive runs. The 
deionised water used in each sample was ultra-filtered through a 0.20 µm membrane to 
remove any dust. 
 
4.1.3.3 Fourier Transform Infrared (FTIR) Spectrosocopy 
FTIR spectra were recorded using a Thermo Scientific, Nicolet iS10 instrument equipped 
with an ATR accessory. Background was run for 64 scans before the sample was run and 
the sample was run for 64 scans.  
 
4.1.3.4 BET surface area analysis 
The specific surface area of the pigment particles was determined using the Brunauer-
Emmett-Teller (BET) method.4 BET measurements were performed on a Quantachrome, 
NOVA 1000e instrument using nitrogen as an adsorbate. Samples were dried at 100°C 
under vacuum prior to analysis to remove any moisture that might affect nitrogen 
adsorption. Samples were run twice and an average value was taken. 
 
4.1.3.5 Thermal Gravimetric Analysis (TGA) 
TGA was used to assess the amount of adsorbed polymer on the pigment surface using a 
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TA TGAQ500 instrument. TGA analysis was performed on centrifuged pigment that had 
been washed three times with water and dried at room temperature. Pigments were 
analysed over the temperature range of 100°C to 500°C in N2 at a heating rate of 10°C 
min-1.  
 
4.1.3.6 Helium Pycnometer 
Density measurements were determined at 20ºC using a Micromeritics AccuPyc 1330 
helium pycnometer using either a 0.1 cm3 or 1 cm3 sample cell. Measurements were 
carried out on pigment that had been dried for 24 h in an oven at 100°C to remove any 
water. Calibration was performed before every measurement. 
 
4.1.3.7 Analytical centrifugation (LUMiSizer®) 
Carbon black diameters were determined using a LUMiSizer® analytical photocentrifuge 
(LUM GmbH, Berlin, Germany) at 25oC. Measurements were carried out on 5 wt % 
carbon black dispersions in water prepared at 1-50 wt % loading of p(MAA39-ran-
BzMA61) on carbon black. The measurements were carried out at a centrifugation rate of 
2000 rpm using 2 mm path length polyamide cells. The densities of carbon black and 
water were taken to be 1.9 g cm-3 and 1.0 g cm-3, respectively. The LUMiSizer® is a 
microprocessor-controlled analytical centrifuge and is particularly convenient for the 
analysis of p(MAA39-ran-BzMA61) stabilized carbon black dispersions because it enables 
the stability of the dispersion to be assessed. The LUMiSizer® employs STEP™-
Technology (Space- and Time-resolved Extinction Profiles) allowing the measurement 
of the intensity of transmitted light as a function of time and position over the entire 
sample length simultaneously. The progression of the transmission profiles contains the 
information on the kinetics of the separation process and therefore allows particle size 
characterisation. 
 
4.1.3.9 Rheology 
Rheology measurements were carried out using the same protocol as described in section 
3.2.3.5. 
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4.2 Results and Discussion 
 
4.2.1 Characterisation of yellow, cyan, magenta and carbon black pigments. 
Four pigment types are commonly used to produce the range of colours available in an 
ink-jet printer; yellow, magenta, cyan and carbon black (see Figure 4.4). The structure of 
carbon black is not shown in the Figure but is thought to exist as an amorphous quasi-
graphitic structure. Each of the four pigments were analysed by elemental analysis to 
check that the actual composition of the pigments matched the proposed structure. The 
amount of carbon, hydrogen and nitrogen present in the pigments was determined by 
elemental analysis. For the yellow, magenta and carbon black pigments any mass not 
accounted for by CHN analysis was attributed to oxygen. Elemental data for the pigments 
is presented in Table 4.1. 
 
 
Figure 4.4. Schematic representation of the structures of cyan, magenta and yellow 
pigments used in ink-jet printing inks. 
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Pigment  Calculated composition from 
structures given in Figure 4.4 
/wt % 
Composition given by 
elemental analysis /wt % 
 C % 66.7 58.9 
Cyan H % 2.8 2.1 
 N % 19.5 18.6 
 C % 56.0 56.2 
Yellow H % 4.7 4.2 
 N % 14.3 14.3 
 C % 77.6 70.7 
Magenta H % 4.7 4.2 
 N % 8.2 7.7 
 C % - 93.4 
Black H % - 0.4 
 N % - 0 
Table 4.1. C, H and N % elemental analysis of cyan, yellow, magenta and carbon black 
pigment particles. 
 
The specific surface area and density of the pigment particles was obtained using BET 
surface analysis and helium pycnometry, respectively (see Table 4.2). Using these 
measured specific surface area and density values, an average particle radius was 
calculated for each pigment using equation 4.1, where ρ is the particle density and As is 
the specific surface area. This radius is only an average value because equation 4.1 
assumes the particles to be spherical and non-porous, which is not the case for the four 
pigments. 
 
As =
3
ρ. R
 
Equation 4.1 
 
 
 
Chapter IV –Pigment Dispersions 
108 
 
 
Pigment particle Specific Surface 
Area /m2 g-1 
Density /g cm-3 Calculated 
radius /nm 
Black 240 1.9 7 
Magenta 71 1.4 29 
Cyan 88 1.6 21 
Yellow 19 1.4 116 
Table 4.2. Specific surface area, density and average radius (calculated using equation 
4.1) for black, magenta, cyan and yellow pigment particles.  
 
4.2.2. Adsorption of semi-batch-prepared p(MAA39-ran-BzMA61) on yellow, cyan, 
magenta and carbon black pigments in water. 
To create stable aqueous pigment dispersions, the semi-batch-prepared random 
copolymer p(MAA39-ran-BzMA61) was used as a polymeric dispersant. This copolymer 
is a successful dispersant for pigments because the BzMA residues adsorb onto the 
pigment particles via hydrophobic interactions and the MAA groups provide electrosteric 
stabilisation, preventing re-aggregation of the pigment particles.  
Adsorption isotherms were plotted for the adsorption of p(MAA39-ran-BzMA61) on 
carbon black, yellow, cyan and magenta pigment using the depletion method described 
in section 4.1.2. Prior to constructing the adsorption isotherms, it was speculated that, 
because the copolymer consisted of 61 mol % of hydrophobic BzMA, the copolymer 
would have low solubility in water leading to any un-adsorbed polymer being sedimented 
to the bottom of the centrifuge tube along with pigment resulting in inaccurate data. To 
test the theory that un-adsorbed polymer would be sedimented during centrifugation, a 1 
w/w % neutralised solution of p(MAA39-ran-BzMA61) was centrifuged at 12000 rpm for 
3 h and the top and bottom of the solution was analysed by UV spectroscopy to examine 
whether any of the copolymer had become sedimented. Figure 4.5 shows that this was not 
the case, with the top and bottom of the solution having an almost identical UV spectrum, 
confirming that copolymer is not sedimented during centrifugation. 
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Figure 4.5. UV spectra of the bottom 1 cm3 and top 1 cm3 of a 1 w/w % neutralised 
solution of p(MAA39-ran-BzMA61) centrifuged for 3 h at 12000 rpm. 
 
The adsorption isotherm for the adsorption of p(MAA39-ran-BzMA61) on carbon black in 
water is shown in Figure 4.6. Monolayer coverage of p(MAA39-ran-BzMA61) on carbon 
black was achieved at 13 wt % loading on carbon black. After monolayer coverage was 
achieved, a plateau is formed as a result of the carbon black surface becoming saturated. 
This adsorption isotherm follows the same shape as a Langmuir isotherm indicating that, 
as more surface sites are reached, it becomes more difficult for p(MAA39-ran-BzMA61) 
to adsorb onto carbon black.5 Figure 4.6 shows the change in hydrodynamic diameter of 
the corresponding dispersions with different wt% loadings of p(MAA39-ran-BzMA61) on 
carbon black, as determined by DLS. The point at which monolayer coverage is achieved, 
13 wt % loading of p(MAA39-ran-BzMA61) on pigment, coincides with a reduction in 
diameter from 1400 nm to around 220 nm. This indicates that, to create a stable carbon 
black dispersion that will not re-aggregate, monolayer coverage of p(MAA39-ran-
BzMA61) on the surface is required at a minimum.  
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Figure 4.6. Adsorption isotherm of p(MAA39-ran-BzMA61) on carbon black pigment in 
water () and the hydrodynamic diameter of the dispersions determined by DLS (). 
  
In addition to the depletion method, thermogravimetric analysis (TGA) was used to 
directly analyse the amount of adsorbed p(MAA39-ran-BzMA61) on carbon black (see 
Figure 4.7). A plot of the TGA data followed a similar shape to the isotherm determined 
by the depletion method, although the TGA measurements did not reach a plateau, 
indicating that the adsorbed amount continued to increase with increasing loading of 
p(MAA39-ran-BzMA61). TGA was found to be an effective means of constructing an 
adsorption isotherm, allowing the point of monolayer coverage to be determined. 
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Figure 4.7. Adsorption isotherms constructed using direct (TGA) and indirect 
(centrifugation) analysis for the adsorption of p(MAA39-ran-BzMA61) on carbon black in 
water. 
 
Infra-red (IR) spectroscopy was used to determine how p(MAA39-ran-BzMA61) 
interacted with the carbon black surface during adsorption (see Figure 4.8). The IR spectra 
show that adsorption of p(MAA39-ran-BzMA61) onto carbon black led to a 13 cm
-1 
decrease in shift of the carbonyl bond present on the surface of carbon black. This 
decrease is indicative of hydrogen bonding between the C=O groups on the black pigment 
and COOH groups present in p(MAA39-ran-BzMA61). Chevalier et al.
6 made a similar 
observation and reported that the C=O bond was displaced from 1734 cm-1 to 1701 cm-1 
when the alkyl ester of polycaprolactone was adsorbed onto carbon black. It has been 
shown that all carbon black pigments have oxygen species chemisorbed to their surface.7 
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Figure 4.8. IR spectra for carbon black, p(MAA39-ran-BzMA61) and p(MAA39-ran-
BzMA61) adsorbed onto carbon black. 
 
In order to understand the effect that adsorbed p(MAA39-ran-BzMA61) has on the stability 
of carbon black, steady-state shear viscosity measurements were performed. 
Measurements were conducted on carbon black dispersions at a fixed pigment 
concentration of 5 wt % and a p(MAA39-ran-BzMA61) loading varying from 6 to 50 wt 
% (see Figure 4.9).  
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Figure 4.9. Viscosity versus shear rate for carbon black dispersions stabilised with either 
6, 9, 13, 34 and 50 wt % p(MAA39-ran-BzMA61) loading on carbon black in water. 
 
At p(MAA39-ran-BzMA61) loadings of 13 wt % and below, the dispersions displayed 
shear-thinning behaviour. Above 13 wt % loading, where non-adsorbed p(MAA39-ran-
BzMA61) is present in the dispersion, shear-thinning is observed but it is accompanied by 
a sudden drop in viscosity at approximately 10 s-1. After this drop in viscosity, Newtonian 
behaviour is observed between a shear rate of 100 to 1000 s-1. The difference in behaviour 
of the dispersions which contain non-adsorbed p(MAA39-ran-BzMA61)  could be 
attributed to the non-adsorbed copolymer forming a network with the adsorbed polymer 
which is broken down by shear forces created by the rheometer. The breakdown of the 
network manifests itself as a sudden reduction in viscosity. The hypothesis that a polymer 
network is occurring is supported by Figure 4.10, which shows the shear rate dependence 
on viscosity for varying concentrations of p(MAA39-ran-BzMA61) in water.  All the 
copolymer solutions show Newtonian behaviour across the range of shear rates and they 
display an increase in viscosity with increasing concentration. Above 25 wt % copolymer 
the viscosity increases drastically, indicating that the copolymer chains interact and form 
a weak polymer network or form aggregates. It is speculated that the interactions are a 
result of the hydrophobic benzyl groups on the polymer associating together to minimise 
their interactions with water molecules. The rheological behaviour observed here is 
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similar to the observations made by Barrie and co-workers who studied aqueous carbon 
black dispersions stabilised by a low molecular weight (Mw~8500 g mol-1) 
poly(acrylate).8 Barrie and co-workers found that carbon black dispersions in the presence 
of non-adsorbed polymer displayed similar viscosity versus shear rate curves to the 34 
and 50 wt % loading dispersions investigated in this research; these results are shown in 
Figure 4.9. Barrie and co-workers attributed this behaviour to the non-adsorbed polymer 
forming a weak network with adsorbed polymer. 
 
Figure 4.10. Viscosity versus shear rate for varying wt % of p(MAA39-ran-BzMA61) in 
water. 
 
It can be seen from Figure 4.9 that, once monolayer coverage of carbon black has been 
achieved, the viscosity of the dispersions between 100-1000 s-1 drops to ~2.0 mPa.s. This 
drop in viscosity is attributed to the formation of a stable carbon dispersion whereby any 
large aggregates have been broken down. A reduction in viscosity, appearing at the start 
of the plateau of the adsorption isotherm, was also observed by Zaman et al.9 who studied 
the viscosity of kaolin particles dispersed in water by Na-poly(acrylic acid). Occasionally, 
after monolayer coverage is achieved, the viscosity begins to increase with increasing 
concentration of non-adsorbed polymer.9 It is clear from looking at Figure 4.9 that this 
was not occurring in the systems under scrutiny, with the same viscosity being obtained 
for the dispersions prepared at 34 and 50 wt % loading of p(MAA39-ran-BzMA61). 
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Analytical centrifugation was conducted on the carbon black dispersions to study the 
effect of different loadings of p(MAA39-ran-BzMA61) on the stability of the dispersions 
(see Figure 4.11). This was achieved by centrifuging the dispersions at 2000 rpm and 
measuring the intensity of transmitted light through the cell as a function of time and 
position over the entire sample length simultaneously. In Figure 4.11 the position in mm 
is the distance along the sample tube where 109 mm corresponds to the filling height of 
the dispersion in the sample cell and 130 mm corresponds to the bottom of the sample 
cell. The transmission represents the particle concentration in the cell, a low transmission 
indicates a high particle concentration and a high transmission indicates a low particle 
concentration. By monitoring the progression of the transmission profiles, information on 
the rate of sedimentation and therefore particle size can be obtained. The earliest recorded 
data is shown in red and the most recent data is shown in green.  
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Figure 4.11. LUMisizer transmission plots depicting how far the carbon black dispersion sediments down the sample tube in mm when 
centrifuged at 2000 rpm. The wt % in the top right-hand corner is the wt % loading of p(MAA39-ran-BzMA61) on carbon black. The mean 
diameter for the dispersions extracted from the above plots is shown in Table 4.3. Green plots represent the most recent transmission data 
whilst red represents the earliest recorded transmission plot. 
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It can be seen from Figure 4.11 that for 1 wt % loading of p(MAA39-ran-BzMA61) the 
carbon black particles are centrifuged immediately to the bottom of the sample cell. This 
is shown by the high transmission between 109 – 121 mm which indicates the solution is 
clear and the time sequence indicates this happened relatively quickly. The low value of 
transmission observed above 121 mm is due to the carbon black being centrifuged to the 
bottom of the tube. The quick sedimentation of the carbon black at 1 wt % loading is due 
to the carbon black particles being present as large agglomerates and is indicative of an 
unstable dispersion. It can be seen from the transmission plots that, at p(MAA39-ran-
BzMA61) loadings of 13 wt % and above, the transmission is almost 0 % above 114 mm, 
showing the carbon black remains dispersed during the centrifugation process, indicating 
that the dispersion is stable. From the transmission plots, the mean diameter of the 
dispersions was extracted and the results summarised in Table 4.3. Once monolayer 
coverage had been achieved at 13 wt % loading of p(MAA39-ran-BzMA61), the average 
diameter of the stabilised carbon black particles was approximately 200 nm. Further 
addition of p(MAA39-ran-BzMA61) had little effect on the particle diameter and colloidal 
stability of the dispersions. 
 
 
Wt % loading of p(MAA39-
ran-BzMA61) on carbon black 
Median /nm Mean /nm 
1.0 9280 8612 ± 1468 
2.0 8995 6702 ± 2179 
3.0 7157 4069 ± 2813 
5.0 902 829 ± 979 
6.0 642 628 ± 381 
10.2 384 368 ± 79 
13.5 223 222 ± 31 
25.5 199 196 ± 35 
34.1 182 182 ± 33 
50.0 173 176 ± 23 
68.9 196 198 ± 50 
Table 4.3. Mean and median diameters extracted using analytical centrifugation of 
carbon black dispersions where the wt % loading of p(MAA39-BzMA61) has been varied 
from 1 to 69 wt %.  
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It was not possible to obtain adsorption isotherms for yellow, cyan and magenta pigments 
using the indirect or direct method. The relatively low densities of these three pigments 
made it impossible to induce sedimentation through centrifugation and as such it would 
not be possible to accurately analyse the concentration of un-adsorbed copolymer left in 
the supernatant. TGA could not be used to analyse the amount of adsorbed copolymer as 
yellow, cyan and magenta pigments are pyrolysed at the same temperature as the 
p(MAA39-ran-BzMA61) dispersant. As discussed earlier, once monolayer coverage has 
been achieved any aggregates present break down, resulting in a decrease in particle 
diameter. If time had permitted, analytical centrifugation and DLS would have been used 
to reveal the point of monolayer coverage.  
 
4.2.3 Adsorption of ACE-labelled p(MAA143-b-BzMA300) diblock on carbon black in 
water. 
The capability of p(MAA-b-BzMA) diblock copolymer to act as a polymeric dispersant 
for carbon black was explored. The diblock used was ACE-labelled p(MAA143-b-
BzMA300), which was synthesised by reversible addition-fragmentation chain transfer 
(RAFT) polymerisation (see section 3.2.2.3). As p(MAA143-b-BzMA300) exists as 
micelles, an adsorption isotherm for the adsorption of the diblock onto carbon black could 
not be generated via the depletion method because centrifugation would cause the 
copolymer micelles to sediment with the carbon black particles. As an alternative to 
centrifugation, analytical centrifugation was employed to examine the dispersion stability 
when using a diblock as a polymeric dispersant.  The dispersions were prepared by mixing 
5 wt % carbon black in water and varying the loading of diblock from 1.1 to 27 wt %. 
Images of the prepared dispersions are shown in Figure 4.12. At diblock loadings of 5.6 
wt % and less the carbon black particles immediately sedimented and at 11 wt % loading 
and above of diblock the carbon black appeared to stay fully dispersed. Analytical 
centrifugation was performed on the dispersions prepared at 11, 16 and 27 wt % loading 
of diblock using a centrifugation rate of 3000 rpm (see Figure 4.13 and Table 4.4).  
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Figure 4.12. Photograph of carbon black dispersions prepared with 1.1 to 27 wt % 
loading of p(MAA143-b-BzMA300) diblock in water. The wt % of carbon black was kept 
constant at 5 wt % for all dispersions. Dispersions containing 1.1, 2.2, 3.3 and 5.6 wt % 
loading of p(MAA143-b-BzMA300) immediately sedimented upon standing at 20ºC. 
 
 
Figure 4.13. LUMisizer transmission plots depicting how far the carbon black dispersion 
moved down the sample tube in mm when being centrifuged at 3000 rpm for 45 minutes 
at 25ºC. The wt % in the top right hand corner is the wt % loading of p(MAA143-b-
BzMA300) on carbon black. The mean diameter for the dispersions extracted from the 
above plots is shown in Table 4.4. 
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Wt % loading of p(MAA143-
b-BzMA300) on carbon black 
Median /nm Mean /nm SD /nm 
11 1184 325 584 
16 954 386 419 
27 960 363 391 
Table 4.4. Mean and median diameter of carbon black dispersions when the loading of 
the diblock p(MAA143-b-BzMA300) is 11, 16 and 27 wt %. 
 
It can be seen from Figure 4.13 and Table 4.4 that p(MAA143-b-BzMA300) adsorbs onto 
the carbon black surface, creating a stable carbon black dispersion; as indicated by the 
reduced mean diameter and the dispersion not fully sedimenting during centrifugation. 
However, the diblock is not as effective as the random copolymer dispersant p(MAA39-
ran-BzMA61). It can be seen from the transmission plots (see Figure 4.11) that the stable 
dispersions do not sediment at all. It is speculated that the diblock is not as effective as 
the analogous random copolymer dispersant due to the diblock copolymers existing as 
micelles. The p(MAA143-b-BzMA300) diblock may adsorb onto carbon black either (i) as 
unimers or (ii) as micelles (see Figure 4.14). The adsorption of unimers is feasible as 
micelles can be viewed as ‘reservoirs’ of unimers with an equilibrium existing between 
micelles and unimers. In the presence of pigment, unimers can adsorb onto the pigment 
surface via the pBzMA block and the pMAA block can provide an electrostatic barrier 
towards flocculation. This shifts the equilibrium to unimers hence reducing the number 
of micelles, but copolymer will still be present as micelles. The other potential route for 
adsorption is via the micelle rearranging to expose the pBzMA core for adsorption onto 
the carbon black surface. The adsorption of the diblock onto carbon black could be 
examined using SANS, TEM and DLS.  
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Figure 4.14. Schematic representation of the two possible ways in which the diblock 
p(MAA143-b-BzMA300) could be adsorbing onto carbon black. a) unimers adsorb onto the 
pigment surface or b) micelles adsorb onto the pigment surface. 
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4.2.4 Summary 
Isotherms for the adsorption of p(MAA39-ran-BzMA61) on carbon black were obtained 
using UV spectroscopy and TGA. It was determined that monolayer coverage was 
achieved at 13 wt % loading of copolymer. DLS measurements on the same dispersions 
revealed a reduction in mean diameter of the dispersion from 1400 to 220 nm, indicating 
the formation of a stable dispersion that would not re-aggregate. It can be seen from 
steady-state viscosity measurements that dispersions containing non-adsorbed p(MAA39-
ran-BzMA61) display a sharp reduction in viscosity when a shear rate of approximately 
10 s-1 was applied. This decrease in viscosity was attributed to networks between the non-
adsorbed and adsorbed copolymer breaking down under a certain applied force. IR 
spectroscopy was used to confirm the presence of p(MAA39-ran-BzMA61) on carbon 
black. A shift in the carbon black carbonyl bond of 13 cm-1 was attributed to carbonyl 
bonds on carbon black forming hydrogen bonds with the COOH groups present along the 
p(MAA39-ran-BzMA61)  backbone.  
Analytical centrifugation was used to compare the performance of the p(MAA143-b-
BzMA300) diblock to act as a polymeric dispersant for carbon black in water with that of 
p(MAA39-ran-BzMA61). The diblock was found to adsorb and aid the dispersion of 
carbon black in water but was not as effective as using p(MAA39-ran-BzMA61) as a 
dispersant. It has been hypothesised that the p(MAA143-b-BzMA300) diblock was 
adsorbing onto carbon black either as unimers or micelles. DLS and TEM are two 
analytical techniques which could be used to determine the precise mode of adsorption.  
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5.0 Introduction 
Carbon black is a fine powder of elemental carbon formed from the vapour phase 
pyrolysis of hydrocarbons.1 Its main commercial use is as reinforcing filler and colourant 
in rubber components such as car tyres.2 However, its high optical density makes it perfect 
as a tint for inks and paints.3 The economic importance of carbon black has led to 
numerous studies being carried out to characterise its morphology and improve its 
performance.4,5,6 However, the structure of carbon black is difficult to determine and is 
thought to be intermediate between the ordered structure of graphite and a completely 
amorphous material.7 Commonly, its structure is described on three levels: primary 
particles, aggregates and agglomerates (see Figure 5.1). The primary particles (10-100 
nm) fuse together during pyrolysis to form aggregates (50-500 nm) which cluster together 
to form agglomerates (> 5m).8 The agglomerates are a complex statistically determined 
structure and are often described by a fractal dimension, D. The concept of fractal 
dimensions was developed by Mandelbrot to describe structures that are self-similar over 
different length scales.9 If particles cluster together through random motion, the process 
is called diffusion-limited cluster aggregation10 (DLCA) and results in a D value of 
approximately 1.7-1.8.11 This value indicates an open, low density structure and is 
common for the aggregation of colloids such as carbon black. 
 
Figure 5.1. Schematic demonstrating the hierarchy of structures of carbon black from 
primary particle to agglomerate. 
 
The two main techniques used to probe the properties of carbon black are electron 
microscopy12,13 and small-angle scattering.14,15 Small-angle scattering is useful for 
analysing the structure of carbon black as this probes several length scales, covering both 
aggregates and the primary particles.  Small-angle X-ray scattering (SAXS) has been used 
to investigate the morphology of carbon black as powders and within composites.6,14  
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The use of carbon black in the paint and ink industry requires the presence of a dispersant 
at the carbon black/liquid interface to produce a fine homogeneous dispersion.3 The 
interaction and conformation of the dispersant is important in ensuring the production of 
a stable dispersion which is not susceptible to destabilisation during storage. A vast array 
of dispersants have successfully been used to stabilise carbon black including: 
diblocks,15,16 homopolymers,17 and surfactants.18,19 The structure of adsorbed polymers at 
the solid-liquid can be investigated using small-angle neutron scattering (SANS). 
Alexandridis et al. have used SANS to study the adsorption of PEO-PPO-PEO triblocks16 
and graft copolymers8 on carbon black.  
The results detailed in Chapter IV indicate that stable aqueous carbon black dispersions 
can be obtained by adsorbing the random copolymer p(MAA39-ran-BzMA61) at the 
pigment/liquid interface, which then provides electrosteric stabilisation. The results 
presented in this Chapter relate to the characterisation of aqueous carbon black 
dispersions using small-angle neutron scattering (SANS) and small-angle X-ray 
scattering (SAXS). Initially, SANS was used to calculate the radius of gyration (Rg) of 
p(MAA39-ran-BzMA61) in D2O and the effect of changing the mol % of MAA in these 
copolymers on Rg was studied.  The consequence of changing the p(MAA39-ran-BzMA61) 
concentration in the preparation of aqueous carbon black dispersions was investigated by 
examining either contrast-matched carbon black or contrast-matched p(MAA39-ran-
BzMA61) dispersions using SANS. SAXS was used in conjunction with SANS to probe 
the carbon black dispersions at a higher q range. The effect of temperature and different 
milling techniques on the preparation of carbon black dispersions was investigated using 
SANS. 
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5.1 Experimental 
 
5.1.1 Materials 
Sodium deuteroxide (NaOD) (30 wt % in D2O) and D2O were purchased from Aldrich 
and used as received.  Deuterated DMSO ((CD3)2SO) was purchased from Fisher and 
used as received. Deionised water was used in all experiments. Carbon black was supplied 
by FujiFilm Imaging Colorants. 
 
5.1.2 Synthesis of p(MAA-BzMA) random copolymers with MAA content varying 
from 39 to 79 mol %. 
p(MAA-BzMA) copolymers with MAA varying from 39-79 mol % MAA were 
synthesised by batch free-radical polymerisation in DPG at 70°C. A detailed description 
of this synthesis is given in section 2.1.2.1 in Chapter II.  
 
5.1.3 Preparation of carbon black dispersions stabilised by p(MAA39-BzMA61) at the 
University of Sheffield. 
All carbon black dispersions mentioned in this Chapter were stabilised with semi-batch 
prepared p(MAA39-ran-BzMA61), [Mn=47800 g mol
-1, Mw=86200 g mol
-1 and 
Mw/Mn=1.8]. Dispersions were prepared by first making up 5.0 g solutions of p(MAA39-
ran-BzMA61) by adding dry p(MAA39-ran-BzMA61) into D2O and NaOD followed by 
heating at 80°C until a homogeneous solution was obtained. NaOD was added in amounts 
so that 100 % of the acid groups on MAA were neutralised. The concentration of 
p(MAA39-ran-BzMA61) varied depending on the final target wt % p(MAA39-ran-
BzMA61) relative to carbon black. The solution of neutralised p(MAA39-ran-BzMA61) 
was added to pre-weighed carbon black so that the overall wt % of  carbon black in the 
sample was 5 wt %. This was shaken by hand in a vial for 30 seconds and then mixed 
further by a sonic probe for 1 h using a Sanyo Soniprep 150 at 10 μm amplitude. Samples 
were sonicated in an ice bath to minimise heating. THF GPC analysis was carried out on 
p(MAA39-BzMA61) before and after sonication to assess whether the copolymer was 
degraded during sonication. Table 5.1 shows that there was little difference between Mn 
and Mw values before and after sonication, showing that the copolymer was not degraded. 
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 Mw/ g mol
-1 Mn/ g mol
-1 PDI (Mw/Mn) 
Before sonication 86200 47800 1.8 
After sonicating for 1 h 84200 48000 1.7 
Table 5.1. THF GPC data for p(MAA39-ran-BzMA61) before and after being subjected to 
sonication for 1 h. Before analysis p(MAA39-ran-BzMA61) was methylated using 
trimethylsilyldiazomethane (further details in 3.2.2.3).  
 
5.1.4 Preparation of carbon black dispersions stabilised by p(MAA39-ran-BzMA61) 
at 6, 13 and 50 wt % polymer on pigment. (Dispersions were formulated by Chris 
Potter at Fujifilm Imaging Colorants). 
Dried p(MAA39-ran-BzMA61), NaOD (30 wt % in D2O) and D2O were weighed out into 
a beaker and heated to 80°C whilst stirring until a clear solution was obtained. Three 
p(MAA39-ran-BzMA61) solutions were made up at 0.32, 0.68 and 2.63 wt %. NaOD was 
added in amounts so that 100 % of MAA groups were neutralised. Neutralised p(MAA39-
ran-BzMA61) solutions were mixed with carbon black using one of the following three 
techniques: a red devil paint shaker, Blackley mill and a sonic mill. Dispersions milled 
using the Blackley mill or sonic mill had to be mixed on the Red Devil paint shaker 
beforehand to break up any large aggregates that might otherwise clog up the mills. 
 
 Preparation of Dispersions Using Red Devil Paint Shaker 
28.5 g of neutralised p(MAA39-ran-BzMA61) solution (0.32, 0.68 or 2.63 wt %) and 1.5 
g of carbon black were added to 60 ml glass jars so that polymer on pigment was obtained 
at 6, 13 and 50 wt %.  To each jar 60 g of 3 mm glass beads were added and then agitated 
for 6 hours on a Red Devil paint shaker.  
 
 Preparation of Dispersions Using Blackley Bead Mill 
A sample of pre-milled 6 wt % p(MAA39-ran-BzMA61)  on pigment dispersion mixed on 
the Red Devil paint shaker was added to a Blackley Mill pot along with 0.4-0.6 mm 
diameter Ermil ceramic beads. The stirrer was positioned to be just off the bottom of the 
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pot. Milling was carried out for two hours and beads were separated from the dispersion 
with a 50 m filter cloth. This process was repeated for the 13 and 50 wt % p(MAA39-
ran-BzMA61) loading on pigment dispersions created from the Red Devil paint shaker. 
 
 Preparation of Dispersions Using a Branson Digital Sonifier Sonic Mill 
A sample of pre-milled 6 wt % p(MAA39-ran-BzMA61) on pigment dispersion mixed on 
the Red Devil paint shaker was added to a 30 ml glass jar and subjected to ultrasound 
using a dual horn Branson Digital S45OD Ultrasonifier sonic mill at 60 % amplitude. The 
sample was milled for two hours whilst the jar was submerged in an ice bath to reduce 
heating. This process was repeated for the 13 and 50 wt % p(MAA39-ran-BzMA61) 
loading on pigment dispersions created from the Red Devil paint shaker. 
 
 
5.1.5 Small-angle Neutron Scattering (SANS) 
SANS measurements were carried out on three different instruments: 
1) Sans2d at ISIS in Oxford 
2) LENS at the Centre of Exploration of Energy and Matter in Bloomington, USA 
3) D11 at I.L.L in Grenoble 
Sans2d and LENS uses a spallation source to produce a pulsed beam of neutrons and 
I.L.L uses nuclear fission to produce a constant beam of neutrons. The measurements 
performed on each instrument are described below.  
 
 Radius of Gyration (Rg) measurement 
SANS measurements to determine the Rg of p(MAA-ran-BzMA) copolymers with MAA 
content varying from 39-79 mol % were performed at LENS at the Centre for Exploration 
of Energy and Matter in Bloomington, USA. The q-range was 0.008-0.27 Å-1 and sample 
cells were 2 mm Helma quartz ‘banjo’ cells. Measurements were carried out on 1 wt % 
solutions of neutralised p(MAA-ran-BzMA) in D2O. The copolymers were neutralised by 
adding NaOD (30 wt % in D2O) and stirring at 80°C until a homogeneous solution was 
obtained. 
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 Contrast matching and measurements of p(MAA39-ran-BzMA61) stabilised 
carbon black in 27:73 D2O:H2O volume % solvent 
SANS was used to determine the contrast match point for carbon black. Contrast 
matching experiments were carried out on 5 wt % dispersions of carbon black in 0:100 
H2O:D2O, 10:90 H2O:D2O and 41:59 H2O:D2O volume % solvent. Measurements were 
performed on the D11 beamline at the Institut Laue-Langevin (I.L.L) in Grenoble. The q-
range of 0.004-0.05 Å-1 was achieved by setting the distance between sample and detector 
to 13 m and the distance between sample and moderator to 13.5 m. The capability of D11 
to reach a lower q was exploited by also measuring scattering from p(MAA39-ran-
BzMA61)-stabilised carbon black dispersions whereby p(MAA39-ran-BzMA61) was 
contrast-matched in 27:73 D2O:H2O volume % solvent. The access to a higher q range 
meant any large-scale structures present would also be detected. All samples were run in 
Helma 2 mm quartz ‘banjo’ cells and scattering data were normalised for sample 
transmission and background. 
 
 SANS measurements of carbon black dispersions stabilised by p(MAA39-ran-
BzMA61) in 100 % D2O. 
SANS measurements of carbon black dispersions stabilised by p(MAA39-ran-BzMA61) in 
100 % D2O so that carbon black was contrast-matched were performed at Sans2d in ISIS. 
Samples were run in 2 mm Helma quartz ‘banjo’ cells over a q range of 0.0045-0.79 Å-1.  
 
5.1.6 Small-angle X-ray Scattering (SAXS) 
SAXS measurements were carried out on a Bruker AXS Nanostar using a Hi-STAR 2D 
detector. X-rays were generated by a Cu-Kα source giving a wavelength of 1.54 Å. X-
rays were focused by two cross-coupled Gobel mirrors and a ‘pin hole’ collimated to 
provide a defined beam of known wavelength and diameter (0.5 mm). Bruker AXS 
software was used to collect and process the data frames. A detector set at 106.1 cm from 
the sample was used with a semi-transparent beam stop mounted between the two to 
protect the detector from the direct beam and to allow normalisation of intensities. 
Samples were injected between two ruby mica discs (15 mm diameter, 25 μm thickness) 
mounted on the sample holder. Samples were ran for 1 h and an empty and solvent 
background were ran for 12 h each. Scattering from the sample was corrected by 
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normalising data for the counts observed through the sample and beamstop, followed by 
subtraction of the solvent and empty cell background. 
 
5.1.7 Rheology 
Viscosity measurements were carried out using the same protocol described in section 
3.2.3.5 in Chapter III. 
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5.2 Results and Discussion 
 
5.2.1 Measuring the Radius of Gyration (Rg) of poly(methacrylic acid-random-
benzyl methacrylate) copolymers in D2O 
The radius of gyration (Rg) of a polymer is defined as the root mean square, mass-
weighted average distance of the monomer repeat units from their centre of mass.20 Rg 
only gives an average size of the polymer chain for two reasons: (i) polymer coils are 
constantly undergoing random thermal motion so will always be changing shape and 
volume and (ii) polymer chains exist in a variety of lengths leading to each chain 
occupying a different volume.21 Rg can be determined using small-angle X-ray or neutron 
scattering22 or by collating data from static light scattering and constructing a Zimm 
plot.23   
The Rg for p(MAA39-ran-BzMA61) gave an insight into the adsorption process for the 
copolymer adsorbing onto the carbon black surface. Knowing the average size of 
p(MAA39-ran-BzMA61) allowed for the determination of whether the copolymer chain 
was bigger, smaller or similar in size to the carbon black particles and enabled 
examination of whether or not p(MAA39-ran-BzMA61) changed size upon adsorption. 
Small-angle neutron scattering (SANS) was used to calculate the Rg of the p(MAA39-ran-
BzMA61) dispersant used in the preparation of carbon black dispersions. In addition, the 
Rg of other p(MAA-ran-BzMA) copolymers prepared by batch free-radical 
polymerisation in DPG at 70°C (with MAA mol % varying from 47 to 79 %) was 
calculated for comparison. These copolymers are listed in Table 5.2.  
 
name Mn /g mol
-1 Mw /g mol
-1             PDI 
Target mol % 
MAA 
Actual mol 
% MAAa 
AW40 19800 39600 2.0 36 39 
AW41 24500 37700 1.5 36 47 
AW42 33000 47300 1.4 45 54 
AW43 19300 34500 1.8 54 61 
AW44 18000 43200 2.4 75 79 
Table 5.2. Summary of p(MAA-ran-BzMA) copolymers synthesised by free-radical 
polymerisation in DPG at 70°C for 6 h. a) Calculated by 1H NMR in (CD3)2SO. 
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SANS measurements were performed on the copolymers at 1 wt % in D2O (100 % 
neutralised by sodium deuteroxide (NaOD)). SANS data for the p(MAA-ran-BzMA) 
copolymers listed in Table 5.2 are presented in Figure 5.2 as Guinier plots where the 
natural log of intensity, ln (I) is plotted against the scattering variable squared, q2.  Guinier 
analysis allowed Rg to be extracted from the slope at low q, which is equal to Rg
2/3. 
The Rg values obtained from the Guinier plots in Figure 5.2 are listed in Table 5.3. To 
check that the Rg values extracted from the Guinier plots were physically reasonable, Rg 
values were also calculated by theoretical means using equation 5.1 where b is the 
statistical segment length (Kuhn length) and N is the degree of polymerisation. Statistical 
length gives a measure of chain stiffness, essentially the distance between two points 
where the orientation of the chain changes appreciably.20 As there is no literature value 
of statistical segment length for p(MAA-ran-BzMA) copolymers, an average value was 
calculated using the statistical lengths calculated for pMAA and pBzMA homopolymers. 
The statistical length used for pMAA was 3 Å,24 which is approximately the same size as 
a single pMAA monomer unit. The statistical length of pBzMA could not be found, thus, 
as polystyrene has a similar structure to pBzMA the statistical length of polystyrene, 
which is 6.9 Å, was used as a substitute.25 Rg values calculated by SANS and Equation 
5.1 are shown in Table 5.3. 
 
Rg
2~
Nb2
6
 
Equation 5.1 
 
Sample 
name Mn /g mol
-1 
  Mol % 
MAA 
 
N b /Å 
Rg theoretical
 
/Å 
Rg experimental 
/Å 
AW40 19800 39  137 5.5 26 21 
AW41 24500 43  182 5.7 28 23 
AW42 33000 54  257 4.8 31 17 
AW43 19300 61  158 4.5 23 16 
AW44 18000 79  165 3.9 21 5.7 
Table 5.3. Rg values of p(MAA-ran-BzMA) copolymers calculated experimentally using 
SANS using Guinier analysis and theoretically using equation 5.1. Corresponding 
statistical length, b and number of repeat units, N parameters are also shown. All samples 
were run at ~pH 10.  
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Figure 5.2. Ln I vs. q2 Guinier plots for 1 wt % solutions of p(MAA-ran-BzMA) 
copolymers in D2O, pH 10, whereby the mol % of MAA has been varied from 39 to 79. 
Each plot is fitted with a straight line at low q where the slope is equivalent to –Rg2/3. 
Further information on the copolymers is listed in Table 5.2. 
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Rg of p(MAA39-ran-BzMA61) determined by SANS was 21 Å and the theoretical value 
calculated using equation 5.1 was 26 Å. The theoretical Rg value is slightly higher as an 
estimated statistical length, b was used. Nevertheless, it offers some assurance that the Rg 
of p(MAA39-ran-BzMA61) obtained from the Guinier plot was reasonable. It can be seen 
in Table 5.3 that the Rg values obtained from SANS for samples AW42-AW45 are 
significantly lower than the Rg values obtained by equation 5.1, which is not consistent 
with expectations. It was expected that, as the amount of MAA in the copolymer 
increased, the Rg would increase as deprotonated MAA groups would push the chain 
apart. Observation of the scattering curves for samples AW42-AW45 in Figure 5.2 reveal 
minimal scattering. It is speculated that the weak scattering observed for the copolymers 
with high MAA content was the result of the copolymer swelling and being outside the 
range for Guinier analysis which is qRg <  √3  leading to inaccurate Rg values. (see 
Figure 5.3).  
 
 
Figure 5.3. Schematic representation of the swelling of p(MAA-ran-BzMA) chains with 
increasing MAA content. 
 
Rheology was used to test the theory that copolymers were more swollen with increasing 
MAA content. If swelling occurred an increase in viscosity should be observed. Figure 
5.4 shows a plot of viscosity versus mol % MAA for the copolymers. The viscosity of 
p(MAA-ran-BzMA) increases with increasing MAA as expected, supporting the 
argument that copolymers with 54 mol % MAA or above are sufficiently swollen to lie 
outside the range for Guinier analysis. 
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Figure 5.4. Viscosity of various p(MAA-ran-BzMA) copolymers at 1 wt % in water with 
MAA mol % varying from 39 to 79. Further details of the copolymers are provided in 
Table 5.1. 
 
5.2.2 Contrast matching carbon black and p(MAA39-ran-BzMA61) 
Neutron scattering is nuclear-dependent and scattering occurs at different scattering 
lengths depending on the nucleus. SANS is an incredibly powerful technique as it is 
capable of distinguishing between two isotopes of the same element such as 1H and 2D, 
with the two isotopes having different scattering lengths. Contrast-matched conditions 
arise when the scattering length density, ρ, of the solvent can be matched to the scattering 
length density of one component of the sample, rendering it ‘invisible’. Contrast matching 
was used to make either carbon black or p(MAA39-ran-BzMA61) invisible in p(MAA39-
ran-BzMA61)-stabilised carbon black dispersions. This was achieved by changing the 
scattering length density of the solvent by mixing H2O and D2O in suitable quantities. 
The scattering length densities for carbon black and p(MAA39-ran-BzMA61) were 
calculated using equation 5.2 and are shown in Table 5.5. In equation 5.2 NA is 
Avogadro’s constant, M is the molecular weight, δ is the bulk density of the molecule and 
bi is the coherent neutron scattering length of nucleus i. 
 
 
ρ = N ∙ ∑ bi
i
=  
δNA
M
 ∙ ∑ bi
i
 
Equation 5.2 
When calculating ρ for homopolymers, only the ρ for one repeat unit needs to be 
calculated as this is what constitutes a scattering centre. In the case of calculating ρ for 
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p(MAA39-ran-BzMA61), two scattering centres (BzMA and MAA) were taken into 
account and an average was taken. 
 
Element H D C O 
Coherent scattering length, bi /10
-15 m -3.741 6.671 6.646 5.803 
Table 5.4. Coherent scattering lengths for elements used in equation 5.2.  
 
Sample M /g mol-1 bi (10
-15 m) δ/ g cm-3 ρ (1010 cm-2) 
Carbon black 257 135 1.87 5.90 
MAA 88.06 15.7 1.015 1.09 
BzMA 176.21 39.8 1.04 1.42 
p(MAA39-co-BzMA61) - - - 1.29 
Table 5.5. Parameters used to calculate the scattering length density of carbon black and 
p(MAA39-ran-BzMA61) using equation 5.2. bi was calculated using values listed in Table 
5.4. 
 
Table 5.5 shows that the scattering length density of carbon black is 5.9 x 1010 cm-2 which 
would require a 93:7 vol % of D2O:H2O to obtain the contrast-matched point, ø (see 
equation 5.3).  
 
∅ =
ρCB − ρH2O
ρD2O − ρH2O
 Equation 5.3 
 
As the contrast-matched point is a theoretical value, the scattering length density was 
confirmed by creating a contrast match plot using neutron scattering data. The total 
intensity of three carbon black samples in different D2O:H2O mixtures was plotted against 
H2O volume % and a parabolic curve fitted, whereby the lowest part of the curve was the 
contrast match point (see Figure 5.5). It can be seen from Figure 5.5 that low intensity is 
observed between 0-10 volume % of H2O. For ease of preparation, carbon black was 
contrast-matched in 100 % D2O for future SANS experiments.  
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Figure 5.5. Contrast match point determination of carbon black by plotting total 
scattering intensity against H2O volume content in various D2O/H2O mixtures. 
 
Using equation 5.3, it was calculated that a 27:73 volume % D2O:H2O mixture would be 
required to contrast-match p(MAA39-ran-BzMA61). This calculated match point was not 
checked using SANS as any scattering from p(MAA39-ran-BzMA61) would be obscured 
by strong scattering from the carbon black. The schematic presented in Figure 5.6 
summarises the two contrast matching conditions used to analyse the carbon black 
dispersions stabilised with p(MAA39-ran-BzMA61).  
 
Figure 5.6. Schematic representation for the two contrast matching experiments carried 
out to analyse p(MAA39-ran-BzMA61)-stabilised carbon black dispersions by SANS. Left) 
contrast-matched p(MAA39-ran-BzMA61) in 73:27 volume % H2O:D2O and right) 
contrast-matched carbon black in 100 % D2O.  
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5.2.3 SANS and SAXS measurements of carbon black and p(MAA39-BzMA61)  
dispersions with contrast matched p(MAA39-BzMA61) in 27:73 volume % D2O:H2O. 
SANS measurements were carried out on three carbon black dispersions prepared at either 
6, 13 or 50 wt % p(MAA39-BzMA61) loading on carbon black in 27:73 volume % 
D2O:H2O so that p(MAA39-BzMA61)  was contrast-matched. The three wt % loading were 
chosen as they targeted three specific points on the adsorption curve previously 
constructed from Chapter IV (see Figure 5.7). At a loading of 6 wt % p(MAA39-BzMA61), 
the carbon black surface was not completely covered, at 13 wt % p(MAA39-BzMA61) a 
monolayer coverage of p(MAA39-BzMA61) on carbon black was achieved and at 50 wt 
% excess p(MAA39-BzMA61) is present in the dispersion. A summary of the SANS data 
for each of the dispersions analysed is given in Table 5.6 and the SANS scattering curves 
are presented in Figure 5.8. 
 
Figure 5.7. Isotherm obtained for the adsorption of p(MAA39-ran-BzMA61) on carbon 
black in water. Circled points are the wt % loadings of p(MAA39-ran-BzMA61)on carbon 
black used for SANS measurements where p(MAA39-ran-BzMA61) has been contrast-
matched. 
 
Name Carbon black 
wt % 
Wt % p(MAA39-BzMA61)  
on pigment 
Solvent pH 
PCM_06SS 5 6 27:73 D2O:H2O 10.2 
PCM_13SS 5 13 27:73 D2O:H2O 10.9 
PCM_50SS 5 50 27:73 D2O:H2O 10.5 
Table 5.6. Summary of carbon black dispersions run at 6, 13 and 50 wt % p(MAA39-ran-
BzMA61) on carbon black in 73:27 D2O:H2O so that p(MAA39-ran-BzMA61) was contrast-
matched. PCM= p(MAA39-ran-BzMA61) contrast-matched, SS =sonicated at Sheffield.  
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Figure 5.8. SANS data obtained for three carbon black and p(MAA39-ran-BzMA61) 
dispersions, obtained at D11 at the I.L.L, whereby the concentration of  p(MAA39-ran-
BzMA61) was 6, 13 and 50 wt % based on carbon black. Carbon black is 5 wt % in all 
three samples in a 27:73 D2O:H2O volume % of solvent so p(MAA39-ran-BzMA61) was 
contrast-matched. The black solid lines are least-square fits to a power law equation. 
Data extracted from the fits are shown in Table 5.7. 
 
Three features are displayed in the log I(q) vs log q plots, presented in Figure 5.8, which 
are characteristic of a fractal aggregate: (i) at high q there is a power law, I(q) ~qP region 
corresponding to the surface scattering from the primary particles (Porod law); (ii) at low 
q there is a power law I(q) ~qP region corresponding to scattering from aggregates; and 
(iii) there is a curved cross-over region between the two power laws that occurs at q values 
of the order 1/a, where a is the diameter of the primary particles. A summary of the power 
law exponents extracted from Figure 5.8 are shown in Table 5.7. 
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Name Exponent at low q 
(0.005-0.015), p1 (Dm) 
Exponent at high q 
(0.015-0.05), p2 
Ds=6 + p2 
PCM_06SS -1.7 -3.9 2.1 
PCM_13SS -1.7 -3.9 2.1 
PCM_50SS -1.9 -4.0 2.0 
Table 5.7. Exponents extracted from the power law fits to the data presented in Figure 
5.8 whereby Ds = surface fractal dimension, Dm = mass fractal dimension. 
 
Between 0.015-0.05 Å-1 the Porod law applies. For 50 wt % p(MAA39-ran-BzMA61) the 
Porod exponent is -4, indicating that the carbon black has a smooth surface with a sharp 
interface. For 6 and 13 wt % p(MAA39-ran-BzMA61) the Porod exponent is slightly lower 
at -3.9, signifying a slightly rougher surface. From the Porod exponent, the surface fractal 
dimension, Ds, of the primary particles can be obtained using Ds=6+p2. In general, if Ds 
is 2 then the surface is smooth and, as Ds approaches 3, the surface is becoming rough. 
Ds was found to lie between 2.0-2.1 for the three dispersions, indicating smooth primary 
particles. These Ds values are reasonable because some grades of carbon black have 
primary particles with a partially graphitic surface, which would give a smooth texture.26 
The exponent extracted at low q (0.005-0.015 Å-1) gives the mass fractal dimension, Dm. 
A value of Dm close to 1.8 indicates an open structure. For 6 and 13 wt % p(MAA39-ran-
BzMA61) Dm was 1.7, which is in agreement with previous scattering studies conducted 
on carbon black composites and powders.11 For 50 wt % p(MAA39-ran-BzMA61) Dm was 
slightly higher at 1.9, indicating that the carbon black structure has become more 
compact. This higher Dm value could be attributed to the agglomerate structure of carbon 
black being broken down. 
SAXS was used to analyse the same carbon black dispersions in order to investigate the 
structure of the dispersions at higher q. The SANS and SAXS data for the 50, 13 and 6 
wt % p(MAA39-ran-BzMA61) on carbon black dispersions are presented in Figure 5.9. 
The SAXS data at high q followed a power law of q-4 indicating a sharp smooth interface, 
which is consistent with the SANS data. 
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Figure 5.9. SANS (red, low q) and SAXS (black, high q) data obtained for three carbon 
black and p(MAA39-ran-BzMA61) dispersions for which the concentration of  p(MAA39-
ran-BzMA61) was varied to give 6, 13 and 50 wt % on carbon black. Carbon black is 5 wt 
% in all three samples in a 27:73 D2O:H2O volume ratio of solvent so p(MAA39-ran-
BzMA61) is contrast-matched for SANS. 
 
 
5.2.4 SANS measurements of carbon black and p(MAA39-ran-BzMA61)  dispersions 
with contrast-matched carbon black in 100 % D2O. 
 
The conformation of p(MAA39-ran-BzMA61)  on carbon black was studied by SANS by 
contrast matching carbon black in 100 % D2O. Six carbon black dispersions were 
analysed at 6, 9, 13, 25, 34 and 50 wt % loadings of p(MAA39-ran-BzMA61) on carbon 
black and a summary of these compositions is given in Table 5.8. The log I(q) versus log 
q plots for the contrast-matched carbon black dispersions are shown in Figure 5.10. 
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Name Carbon 
black wt % 
Wt % p(MAA39-ran-
BzMA61) on pigment 
Solvent pH 
CMCB_06SS 5 6 100 % D2O 11.0 
CMCB_09SS 5 9 100 % D2O 11.5 
CMCB_13SS 5 13 100 % D2O 10.9 
CMCB_25SS 5 25 100 % D2O 10.8 
CMCB_34SS 
CMCB_50SS 
5 
5 
34 
50 
100 % D2O 
100 % D2O 
10.8 
10.4 
Table 5.8. Summary of carbon black dispersions ran at various p(MAA-ran-BzMA) wt % 
whereby carbon black has been contrast-matched in 100 % D2O. CMCB=contrast-
matched carbon black and SS=sonicated at Sheffield.  
 
 
Figure 5.10. SANS data obtained for six carbon black and p(MAA39-ran-BzMA61) 
dispersions whereby the concentration of  p(MAA39-ran-BzMA61) has been varied to give 
6, 9, 13, 25, 34 and 50 wt % loading on carbon black. Carbon black is 5 wt % in all six 
samples and has been contrast-matched in 100 % D2O so only p(MAA39-ran-BzMA61) 
was visible by SANS. 
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It can be seen from Figure 5.10 that above 13 wt % p(MAA39-ran-BzMA61) loading a 
broad peak appears at ~0.08 Å and increases in intensity with increasing concentration of 
p(MAA39-ran-BzMA61). The point at which this peak occurs is after monolayer coverage 
of the carbon black is achieved, as shown by the adsorption isotherm in Figure 5.7. The 
presence of the broad peak has been attributed to scattering from un-adsorbed copolymer. 
To understand what shape and size the adsorbed and un-adsorbed p(MAA39-ran-BzMA61) 
was adopting, information was extracted from the scattering curves by fitting to a model.  
It was found that a single model was inadequate for fitting of the SANS data and instead 
two combined Gaussian coil and mass fractal models were required. The Gaussian coil 
model calculates scattering from a polydisperse coil (the free polymer in solution) in a 
good solvent and the mass fractal model calculates scattering from fractal-like aggregates 
(the carbon black) composed of spherical building blocks. The scattering curves for the 
dispersions listed in Table 5.8 are shown in Figure 5.11, along with the combined model 
fits. The parameters extracted from these fits are listed in Table 5.9. 
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Figure 5.11. SANS log intensity versus log q plots for six carbon black and p(MAA39-ran-
BzMA61) dispersions whereby the concentration of p(MAA39-ran-BzMA61) has been 
varied to give 6, 9, 13, 25, 34 and 50 wt % loading on carbon black. Carbon black is 5 
wt % in all six samples and has been contrast-matched in 100 % D2O so only p(MAA39-
ran-BzMA61) is visible by SANS. A combined model of a Gaussian coil and mass fractal 
model has been fitted. The data retrieved from the models is compiled in Table 5.9. 
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Name Gaussian chain model Mass Fractal model Background 
Rg /Å nu I0 /cm
-1 R0 /Å xi /Å D C0 /cm
-1 
CMCB_50SS 26 0.24 0.11 71 207 2.99 0.02 
CMCB_34SS 31 0.30 0.097 58 197 2.99 0.015 
CMCB_25SS 35 0.35 0.087 50 186 2.99 0.015 
CMCB_13SS 46 0.46 0.059 48 161 2.99 0.010 
CMCB_09SS 44 0.45 0.045 47 140 2.99 0.007 
CMCB_06SS 54 0.51 0.044 51 137 2.99 0.007 
Table 5.9. Data from the combined model fitting of a Gaussian chain and mass fractal 
model to the plots shown in Figure 5.11. Symbols in the Table represent the following: 
Rg = radius of gyration, nu = Flory exponent where a collapsed coil is 1/3, a coil in a 
theta solvent is 1/2 and a swollen coil is 3/5, I0 = forward scattering, R0 = characteristic 
dimension of individual scatterers, xi = size of fractal aggregate, Dm = fractal dimension, 
which was fixed at 2.99. 
 
In order to fit the combined model, the mass fractal dimension, Dm, had to be between 1 
and 3 so Dm was fixed at 2.99 to generate a good fit. If Dm wasn’t fixed then an implausible 
value above 3 would be obtained. If Dm was fixed to any value below 2.99, then the fit of 
the combined model became progressively worse.  
It can be seen from Table 5.9 that, with decreasing p(MAA39-ran-BzMA61) content, the 
Flory exponent (nu) increases from 0.24 to 0.51. A Flory exponent of 1/3 indicates 
p(MAA39-ran-BzMA61) is in a collapsed conformation, whereas a value of 1/2 indicates 
a swollen coil in a theta solvent. In addition, with decreasing p(MAA39-BzMA61) 
concentration, Rg increased from 26 to 54 Å. It is speculated that Rg is larger at a lower 
p(MAA39-ran-BzMA61) concentration because the copolymer is able to adopt a flat 
conformation and adsorb a large fraction of its segments onto the carbon black surface. 
At high p(MAA39-ran-BzMA61) concentration, Rg is smaller due to adsorption sites on 
carbon black being occupied by other p(MAA39-ran-BzMA61) chains, leading to restricted 
unfolding of p(MAA39-ran-BzMA61). Because the p(MAA39-ran-BzMA61) chains are not 
able to unfold, more loops extending out into solution should be present. The presence of 
more loops is confirmed by examining R0, which is the characteristic dimension of the 
individual scatterers. Here the individual scatterers are presumed to be the copolymer-
coated primary carbon black particles and they increase in size from 51 to 71 Å with 
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increasing p(MAA39-ran-BzMA61) concentration. For dispersions with loadings of 6, 9, 
13 and 25 wt % p(MAA39-ran-BzMA61) on carbon black, R0 stays almost constant at 
around 50 Å. This is confirmed by the TEM images of the carbon black dispersions, which 
show the primary particles to have a radius of approximately 50 Å (see Figure 5.12). At 
loadings of 34 and 50 wt % p(MAA39-ran-BzMA61) on carbon black, the SANS data 
shows R0 increases to 58 Å and 71 Å respectively. This has been attributed to the presence 
of adsorbed copolymer forming loops, which leads to an increase in the radius of the 
copolymer-coated primary particles.  
 
 
Figure 5.12. TEM images of 13 wt % p(MAA39-BzMA61) loading on carbon black in 100 
% D2O at two different magnifications. 
 
The mass fractal model gives xi which is the size of the fractal aggregate. This parameter 
increases from 137 Å to 207 Å with increasing p(MAA39-ran-BzMA61) concentration. It 
is speculated that this increasing size is the result of adsorbing polymer increasing the 
overall size measured by SANS. As the size continues to increase after monolayer 
coverage has been achieved, it is suggested that self-association of polymer at the 
adsorbed copolymer layer occurs. Self-association has been discussed in Chapter I and 
can occur when the adsorbing block in the copolymer is present in a non-solvent and at 
high concentration, which is the case here. Self-association between p(MAA39-ran-
BzMA61) could occur through BzMA residues being attracted together (see Figure 5.13). 
The presence of a plateau in the adsorption isotherm for p(MAA39-ran-BzMA61) on 
carbon black indicates that self-association between the BzMA groups occurred via a 
Chapter V –SAXS and SANS of Carbon Black Dispersions 
149 
 
weak interaction and could be broken apart during centrifugation. Figure 5.14 summarises 
the data extracted from Table 5.9 in a schematic for samples CMCB_06SS and 
CMCB_50SS. For sample CMCB_06SS, the carbon black particles aggregate together 
forming agglomerates; this is due to an insufficient amount of p(MAA39-ran-BzMA61) 
adsorbing onto the carbon black leading to re-aggregation. These large agglomerates are 
not detected by SANS because the q-range available to the SANS instruments could only 
detect structures ranging from 1396 Å to 8 Å. The SANS data for CMCB_50SS indicates 
that the carbon black has been broken down to smaller aggregates and stabilised by 
adsorbed p(MAA39-ran-BzMA61) to give an average aggregate diameter of approximately 
207 Å. It is probable that larger aggregates are also present in the CMCB_50SS 
dispersion, but these lie outside the q range that the SANS instrument could measure. It 
can be seen from the TEM image in Figure 5.12 that the carbon black agglomerates have 
been broken down to aggregates of approximately 200 in diameter. It is speculated that 
smaller aggregates are present in the dispersion, but these are not seen on the TEM 
micrographs because when the samples are drying on the TEM grid during preparation 
the carbon black particles cluster together. 
 
 
Figure 5.13. Schematic representation of the self-association of p(MAA39-ran-BzMA61) 
at the carbon black surface. 
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Figure 5.14. Schematic representation of the possible conformation of p(MAA39-ran-
BzMA61) on carbon black at loadings of 6 and 50 wt % that relate to the values extracted 
from SANS curves using a combined model fit (see Table 5.9). Rg is the radius of gyration 
of p(MAA39-ran-BzMA61), R0 is the characteristic dimension of the copolymer-coated 
carbon black primary particles and xi is the size of the fractal aggregates. 
 
5.2.5 Exploring the effect of using different milling techniques when preparing 
carbon black dispersions. 
Milling of polymeric dispersant, pigment and water is an important step when creating 
stable ink-jet inks. Milling reduces the pigment size to give an ink of suitable viscosity 
that does not clog up the jets in printers.  During the manufacture of inks, three milling 
techniques are commonly used: shear, sonic and bead milling. SANS was used to measure 
three contrast-matched carbon black dispersions prepared at 6, 13 and 50 wt % loadings 
of p(MAA39-ran-BzMA61) on carbon black in 100 % D2O milled using three different 
techniques: a paint shaker, a bead mill and a sonic mill. The paint shaker used was a Red 
Devil paint shaker, the same model available in DIY stores. This breaks down large 
aggregates in dispersions before they are subjected to either bead or sonic milling. 
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Without the paint shaking step, large aggregates would clog up the bead and sonic mills. 
The sonic and bead mill is used for fine milling to break down the aggregates further. The 
sonic mill has the advantage of not requiring media (glass or ceramic beads) to aid 
milling. As well as being difficult to remove from the milled dispersion, beads can be 
expensive and need replacing due to wear over time. The energy transfer in a sonic mill 
is higher than a bead mill, but an ice bath is needed to prevent overheating of the sample. 
The carbon black dispersions prepared using the three different milling techniques are 
listed in Table 5.10 and the corresponding SANS plots are presented in Figure 5.15. 
 
Name Carbon black 
wt % 
Wt % Polymer on 
pigment 
Milling 
technique 
Solvent pH 
CBCM_6RD 5 6 Red-devil 100 % D2O 9.6 
CBCM_6BM 5 6 Blackley Mill 100 % D2O 8.0 
CBCM_6SM 5 6 Sonic Mill 100 % D2O 9.1 
CBCM_13RD 5 13 Red-devil 100 % D2O 9.8 
CBCM_13BM 5 13 Blackley Mill 100 % D2O 8.1 
CBCM_13SM 5 13 Sonic Mill 100 % D2O 9.8 
CBCM_50RD 5 50 Red-devil 100 % D2O 10.5 
CBCM_50BM 5 50 Blackley Mill 100 % D2O 8.8 
CBCM_50SM 5 50 Sonic Mill 100 % D2O 10.1 
Table 5.10. Summary of carbon black dispersions prepared at three different loadings of 
p(MAA39-ran-BzMA61) on pigment (6, 13 and 50 wt %). The overall wt % of carbon black 
in the dispersions was kept constant at 5 wt %. Each dispersion was prepared using three 
different mills: red-devil paint shaker (RD), Blackley mill (BM) and sonic mill (SM). 
Dispersions milled by the Blackley mill and sonic mill were also initially mixed on the 
red-devil paint shaker. 
 
The intensity (I) at q=0, depicted in Figure 5.15, can be used to compare the size of fractal 
aggregates mixed using either shear (RD), bead (BM) or sonic (SM) milling. The higher 
the intensity at q=0, the larger the fractal aggregate, which is indicative of the milling 
technique not being effective at breaking down the carbon black agglomerates. The SANS 
results obtained for dispersions prepared at 6 wt %  loading of p(MAA39-ran-BzMA61) on 
carbon black reveal that the Red Devil paint shaker is the least effective technique for 
breaking down the aggregates and the higher energy sonic mill is most effective. The 
SANS plots for 13 and 50 wt % loading of p(MAA39-ran-BzMA61) in Figure 5.15 show 
that the Red Devil paint shaker is an adequate milling technique to break down the carbon 
black and shows the high energy Blackley mill and sonic mill are not necessary when a 
monolayer of  p(MAA39-ran-BzMA61) is present. 
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Figure 5.15. Log I(q) vs. log q SANS plots for 6 wt % (top) 13 wt % (middle) and 50 wt 
% (bottom) p(MAA39-ran-BzMA61) on carbon black in 100 % D2O using either a Blackley 
Mill (BM), a Red Devil paint shaker (RD) or a sonic mill (SM) to mix the dispersion. 
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5.2.6 Effects of temperature on p(MAA39-BzMA61)-stabilised carbon black 
dispersions 
 
SANS was used to measure contrast-matched carbon black dispersions stabilised by 6, 13 
or 50 wt % p(MAA39-ran-BzMA61) loadings at either  5, 20 or 40°C. These dispersions 
are summarised in Table 5.11 and the corresponding SANS plots are presented in Figure 
5.16. 
 
Name Wt % Carbon 
black  
Wt % Polymer on 
pigment 
Temperature /°C Solvent 
CBCM_6SS_5°C 5 6 5 100 % D2O 
CBCM_6 SS_20°C 5 6 20 100 % D2O 
CBCM_6 SS_40°C 5 6 40 100 % D2O 
CBCM_13 SS_5°C 5 13 5 100 % D2O 
CBCM_13 SS_20°C 5 13 20 100 % D2O 
CBCM_13 SS_40°C 5 13 40 100 % D2O 
CBCM_50 SS_5°C 5 50 5 100 % D2O 
CBCM_50 SS_20°C 5 50 20 100 % D2O 
CBCM_50 SS_40°C 5 50 40 100 % D2O 
Table 5.11. Summary of carbon black dispersions prepared at loadings of 6, 13 and 50 
wt % p(MAA39-ran-BzMA61) on carbon black and then measured by SANS at either 5°C, 
20°C or 40°C. The overall wt % of carbon black in the dispersions was kept constant at 
5 wt % and each dispersion was mixed by sonication at the University of Sheffield (SS). 
The SANS plots of the corresponding dispersions are presented in Figure 5.16. 
 
It can be seen from Figure 5.16 that at all three temperatures the neutron scattering from 
the dispersions prepared at loadings of 6, 13 and 50 wt % p(MAA39-ran-BzMA61) on 
carbon black produce the same scattering patterns confirming that the conformation of 
p(MAA39-ran-BzMA61) is unaffected between 5-40°C. It was expected that, at higher 
temperatures, the Rg of p(MAA39-ran-BzMA61) would increase due to being more 
solvated.  
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Figure 5.16. Log I(q) vs log q SANS plots for a) 6, b) 13 and c) 50 wt % p(MAA39-ran-
BzMA61)  on carbon black dispersions mixed by sonication at the University of Sheffield 
(SS) at 5°C, 20°C and 40°C. Dispersions were prepared in 100 % D2O so carbon black 
was contrast-matched. 
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5.3 Summary 
The adsorption of p(MAA39-ran-BzMA61) onto carbon black was investigated using 
SANS and SAXS. SANS measurements of a 1 wt % solution of p(MAA39-ran-BzMA61) 
in D2O that had been neutralised with NaOD revealed the radius of gyration (Rg) to be 21 
Å. In addition the Rg of several other p(MAA-ran-BzMA) copolymers with MAA mol % 
varying from 39 to 79 were examined using SANS. It was found that above 54 mol % 
MAA, scattering was minimal and was attributed to the MAA residues expanding the 
copolymer such that it fell outside the range for Guinier analysis. Viscosity measurements 
confirm that an increased MAA content in the p(MAA-BzMA) copolymers resulted in an 
increased viscosity. This supported the hypothesis that the polymers expand with 
increasing MAA content.  
SANS was used to study carbon black dispersions stabilised with p(MAA39-ran-BzMA61) 
by either contrast-matching carbon black in 100 % D2O or p(MAA39-ran-BzMA61) in 
27:73: volume % D2O:H2O. SANS measurements on the contrast-matched p(MAA39-ran-
BzMA61) dispersions displayed two power law regimes in the scattering curve. The power 
law exponent at low q gave a fractal dimension for the carbon black aggregates of 1.7, 
which is typical for an open, low density structure formed by primary particles clustering 
together through random motion. The exponent extracted at high q gave a Porod exponent 
of -4, indicating that the carbon black particles had a smooth surface with a sharp 
interface. The SAXS data were consistent with the SANS data, with both techniques 
producing the same power law exponent of -4 at high q. 
SANS data were collected for contrast-matched carbon black dispersions with loadings 
of 6, 9, 13, 25, 34 and 50 wt % p(MAA39-ran-BzMA61) on carbon black. These loadings 
were used to target different points on the isotherm for p(MAA39-ran-BzMA61) adsorbed 
on carbon black. SANS plots revealed that when more than 13 wt % of p(MAA39-ran-
BzMA61) was added to the dispersion, a broad peak appeared at around 0.08 Å
-1. SANS 
data of contrast-matched carbon black dispersions was fitted with a combined model of a 
Gaussian coil (for the polymer in solution) and mass fractal model (for the polymer bound 
to the carbon black). The results from the combined model indicated that with decreasing 
wt % of p(MAA39-ran-BzMA61), the Rg of p(MAA39-ran-BzMA61) and the Flory 
exponent both increase, suggesting that p(MAA39-ran-BzMA61) had become more 
swollen. It is speculated that the increase in Rg was a result of more carbon black surface 
area becoming available, allowing p(MAA39-ran-BzMA61) to uncoil and adsorb at 
multiple points on the carbon black. The mass fractal model revealed the radius of the 
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carbon black primary particles to be approximately 50 Å, which was in good agreement 
with TEM results. The mass fractal model also revealed that the size of the fractal 
aggregate increased from 137 Å to 207 Å with increasing p(MAA39-ran-BzMA61) 
concentration. The increasing size was attributed to the adsorbing polymer forming loops 
on the carbon black surface and self-association of p(MAA39-ran-BzMA61) between 
adsorbed and un-adsorbed copolymer.   
The effect of the 6, 13 and 50 wt % loading of p(MAA39-ran-BzMA61) on carbon black 
dispersions, where carbon black was contrast-matched, was studied further by SANS by 
exploring the effect of milling during dispersion preparation. The effect of using different 
milling techniques shows that, above the knee in the Langmuir isotherm (13 wt % loading 
or above), the polymer is an effective dispersant and the extra time and effort in using the 
Blackley mill is not required; the Red Devil shaker gives comparable performance. At a 
concentration of 6 wt %, the copolymer is not sufficient to stabilise the carbon black 
without the input of considerable energy to break up the aggregates. 
The effect of temperature on the carbon black dispersions was also investigated. The 
results indicated that there is no difference in scattering from p(MAA39-ran-BzMA61) at 
5°C, 20°C and 40°C, suggesting that the conformation of p(MAA39-ran-BzMA61) 
remained the same at each temperature. 
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6.0 Conclusions 
To understand the role of p(MAA-co-BzMA) copolymers as polymeric dispersants for 
pigment particles, they were characterised using a variety of experimental techniques. 
The first part of this thesis describes the synthesis and characterisation by Raman 
spectroscopy and 13C NMR of p(MAA-co-BzMA). Copolymers were synthesised with a 
target content of 36 mol % MAA by free-radical polymerisation in DPG at 70ºC under 
both batch and semi-batch conditions. Utilisation of the batch method resulted in a higher 
amount of MAA (43 mol %) being incorporated into the copolymer; it was speculated 
that this was caused by the differing reactivity ratios of MAA (r1) and BzMA (r2). Using 
the linear analysis methods of Kelen-Tudos and Finemann and Ross, the reactivity ratios 
of MAA and BzMA were calculated to be r1=1.03 r2=0.66 and r1=0.93 r2=0.72 
respectively. These reactivity ratios indicate that the batch-produced p(MAA-co-BzMA) 
copolymers were mostly random, but also contained some longer sequences of MAA. 
The kinetics of the batch polymerisation of p(MAA-co-BzMA) (target 36 mol % MAA) 
was followed using Raman spectroscopy. When monitoring the change in C=C band 
intensity at 1640 cm-1, it was observed that the copolymerisation reached 88 % conversion 
after 68 minutes. The peak at 1717 cm-1, which corresponds to the C=O bond on BzMA, 
was monitored to determine the conversion rate of BzMA during the batch 
copolymerisation; it was found that 75 % conversion was achieved after 5 h. 
Fluorescence spectroscopy was used to further analyse the copolymers, this was achieved 
by attaching the ACE fluorophore to the copolymer backbone. Particular focus was on 
semi-batch-prepared p(MAA39-co-BzMA61) since this macromolecule was used as the 
dispersant for pigment particles which are the focus of the work detailed in Chapters four 
and five. TRAMS allowed the conformation of p(MAA39-co-BzMA61) in water to be 
examined as a function of pH by monitoring the change in Ʈc. It was observed that, in the 
pH range 5.6-6.7, Ʈc varied from 51 to 40 ns and above pH 7 Ʈc decreased to 
approximately 20 ns, which is indicative of the p(MAA39-co-BzMA61) undergoing a 
conformation transition from a coiled to more open chain structure. It was observed that, 
between pH 8 and pH 11, increasing the mol % of MAA to 45 and 64 resulted in the 
copolymer expanding more, as indicated by a lowering of Ʈc to approximately 10 ns. 
The results reported in Chapter three showed that ACE-labelled p(MAA143-b-BzMAn) 
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diblocks could be synthesised by alcoholic dispersion RAFT polymerisation in ethanol at 
70ºC with n = 50, 100, 143, 200, 300. The ACE label was incorporated into the PMAA143 
macro-CTA, which was obtained with a PDI of 1.9. The unusually high PDI of the macro-
CTA was attributed to the presence of ACE. Investigation of the system in the absence of 
ACE resulted in a lower PDI of 1.3 being observed. Analysis of the polymer by SEM 
revealed that the diblocks existed as micelles, with BzMA acting as the core and MAA 
as the corona. TRAMS measurements of the micelles in water at pH 4.5 and pH 12 
showed Ʈc to be lower at pH 12, indicating that the PMAA corona was stretching out due 
to the COO- groups. 
Once the diblock and random copolymers had been characterised, aqueous pigment 
dispersions stabilised with either the random copolymer p(MAA39-co-BzMA61) or the 
block copolymer p(MAA143-b-BzMAn) were prepared and investigated. An adsorption  
isotherm for the adsorption of p(MAA39-co-BzMA61) on carbon black was obtained using 
both indirect (centrifugation) and direct (TGA) methods. The results obtained via both 
methods were consistent with monolayer coverage being achieved at 13 wt % loading of 
p(MAA39-co-BzMA61) on pigment. The point of monolayer coverage was found to 
coincide with a reduction in mean diameter of the dispersion from 1400 to 220 nm. This 
was demonstrated by DLS and indicated the formation of a stable dispersion that did not 
re-aggregate. IR spectroscopy was used to confirm the presence of p(MAA39-co-BzMA61) 
on the surface of carbon black and a shift of the C=O peak located on carbon black from 
1734 cm-1 to 1701 cm-1 indicated that p(MAA39-co-BzMA61) interacted with the surface 
via hydrogen bonding. Rheology of the dispersions showed that, after monolayer 
coverage was achieved, a lower viscosity of 2 mPa.s was attained, suggesting the 
breakdown of large carbon black aggregates. Because the yellow, cyan and magenta 
pigments have lower densities than carbon black, centrifugation was not a suitable 
method for constructing an isotherm for the adsorption of p(MAA39-co-BzMA61) onto the 
pigments. Analytical centrifugation was employed to compare the random copolymer 
p(MAA39-co-BzMA61) and diblock p(MAA143-b-BzMA300) as a dispersant for carbon 
black in water. It was found that the random copolymer was a more effective dispersant 
than the diblock; this was demonstrated by the transmission plots, which depicted how 
far the carbon black dispersion moved down the sample tube as a function of time when 
being centrifuged at 2000 rpm.  The carbon black dispersions stabilised with more than 
13 wt % loading of p(MAA39-co-BzMA61) did not move down the tube during 
centrifugation, whereas carbon black dispersions in the presence of 27 wt % loading of 
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p(MAA143-b-BzMA300) did move down the sample tube.  It is speculated that the diblock 
was a less effective dispersant than the random copolymer because the former exists as 
micelles. The adsorption of the diblocks onto carbon black was assumed to be occurring 
via two different methods: as whole micelles or as unimers which are in equilibrium with 
the micelles.  
In order to analyse the conformation of the random copolymer p(MAA39-co-BzMA61) 
when adsorbed onto carbon black pigment particles and to investigate the Rg of the 
random copolymer alone in solution SANS and SAXS was employed. The results of the 
SANS and SAXS studies are detailed in Chapter 5. Guinier analysis and SANS 
measurements on p(MAA39-co-BzMA61) alone in water revealed that the copolymer had 
a Rg of 21 Å. Increasing the content of MAA from 39 to 79 mol % caused neutralised 
copolymers to swell outside of the range required for Guinier analysis, as such an accurate 
value of Rg could not be obtained. SANS measurements on carbon black dispersions 
stabilised with p(MAA39-co-BzMA61) were conducted, these results were used in 
conjunction with contrast matching to either match carbon black in 100 % D2O or 
p(MAA39-co-BzMA61) in 27/73 volume % D2O/H2O. Contrast-matched p(MAA39-co-
BzMA61) dispersions were found to exhibit two power law regimes in the scattering 
curves, showing the mass fractal dimension at low q and the surface fractal dimension at 
high q. The mass fractal was found to be 1.7 and the surface fractal was found to be 2, 
indicating that the carbon black existed as an open structure with a sharp interface. SAXS 
data supported the SANS results with the same power law at high q being obtained. SANS 
data collected for contrast-matched carbon black dispersions was adequately modelled 
using a combined Gaussian coil and fractal model. This combined model showed that the 
Rg of p(MAA39-co-BzMA61) decreased from 54 to 26 Å with an increasing loading of 
p(MAA39-co-BzMA61). This was attributed to a smaller surface area on carbon black 
being available causing p(MAA39-co-BzMA61) to coil up more and form more loops at 
the carbon black surface. The hypothesis of the presence of more loops was supported by 
R0, which is the characteristic dimension of the individual scatterers; R0 increased from 
51 to 71 Å with increasing p(MAA39-co-BzMA61) concentration. The effect of using 
different milling techniques was explored by SANS and revealed that bead and sonic 
milling are more effective than using a paint shaker. This conclusion was drawn from the 
scattering curve, which showed the presence of a larger number of aggregates. SANS was 
also used to demonstrate that changing the temperature to 6, 13 and 50ºC did not affect 
the conformation of p(MAA39-co-BzMA61) at the carbon black/liquid interface. This is 
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indicated by identical SANS curves being obtained at each temperature. 
 
